Gas Turbines in Our Century . ers 
Introduction. . . + «+ . R. Tom Sawyer 
Materials, Cooling, and Fuels . . : : A. A. Hafer 
Railroad . . . K. A. Browne, J. I. Yellott, and P. R. Broadley 
Marine . . W.A. Dolan, Jr., and A. A. Hafer 
Merchant Vessels . . W. A. Dolan, Jr., and A. A. Hafer 
Naval Vessels . he ae . W. A. Dolan, Jr., and A. A. Hafer 
Stationary Electric Generation . . . Lee Schneitter 
Industrial ; . L. N. Rowley, Jr., and B. G. A. Skrotzki 


. IH. Driggs and O. E. Lancaster 


Local Heat-Transfer Coefficients on the Surface of an Elliptical Cylinder ina High-Speed 


Torsional Vibration Notes With Solutions for an Untuned Viscous Damper and Flexible 


Coupling With Nonlinear Elasticity . . « « F. P. Porter 


On the Solution of the Reynolds Equation for Slider-Bearing Lubrication—II_ . . . 


A 


The Shear-Angle Relationship in Metal Cutting M. C. Shaw, N. H. Cook, and I. Finnie 


_ Comparisons at Elevated Temperatures of Some Commercial Grades of Ferritic Cast 


Steels ° ft W. Wyatt, J. W. Bolton, and M. L. Steinbuch 


121 
123 
127 
137 
153 
161 
169 
177 
185 
201 


211 


FEBRUARY 195 


é 


a 


> 


| 
| 
= 
: 
‘as 
| 
AG 
« ip 4 
. TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
VOLUME 75 
t 


erican 


OFFIC 


Mechanical Engi 


BERS OF THE SOCIETY: 


S. Bracka, yn., President 


COMMITTEE ON PUBLICATIONS: 


Paut T. Norron, Ja. 
Orrto ps Lorgnzi 


Jossrn 


Gronos R. Ricn, Chairman 


Moxais Janier Menton 


ScuMERLER 


Gronce A. Srerson, Editor 


REGIONAL ADVISORY B 


i Kerr Arxrnson—I 
m11aM N. 

Francis C. Surra—IV 


OARD OF THE P 
Rayrmonv G. Rosuono—VI! 


Venton L. 


h Street, N. 
echanics; 


t the Post Off Pa., 
mp tom his publication may be made on condi 


UBLICATIONS COMMITTEE 


well as new 
(B13, 

ted, 1953, 
Transactions 


> 
can Society ot are to August 2% 1912 be giv 
$1730 « copy, $12.08 Society 1928, 


Turbines 1 


By CLAUDE SEIPPEL,! 


Gas 


“NEW of the attempts to develop a workable gas turbine 
prior to 1900 are of lasting interest, although it must be 
remembered that great physicists like Carnot, Gibbs, and 

Maxwell had established the fundamental laws of thermo- 
dynamics in a way which has not been surpassed. Some early 
inventors conceived machines which, like Stolze’s, in many 
ways anticipated future developments but never got to the point 
where they 
Stolze’s design of 1872 consisted of an axial compressor and an 


would deliver appreciable power, or even run. 


axial turbine on the same shaft, a heat exchanger, a gas producer, 
and a combustion chamber 
His design shows many more stages in the turbine than in the 
compressor, due, as he probably thought necessary, to the higher- 
He apparently did not know 
that in a compression stage, air must be treated gently as com- 
pared with the turbine. 
reversed turbine and it requires many more stages. 


an absolutely modern combination. 


energy head acting on the turbine. 


The axial compressor is not simply « 
Its success, 
which was so essential to the birth of gas turbines, came relatively 
lute. Even SireCharles Parsons abandoned the axial compressor 
after having built a number of them shortly after 1900. 
not until 1932 that Brown Boveri, after some years of research 
and the manufacture of some single- and two-stage axial blowers, 


It was 


produced the first multistage axial compressors which were ap 
plied to Velox boilers and to supersonic wind tunnels, 

At the core of gas-turbine history of the first decades of our 
century we tind Stodola. Born in 1859, of Slovakian origin, 
Aurel Stodola was professor of thermodynamies and thermal 
machines at the Swiss Federal Institute of Technology, Zurich, 
from 1802 to 1930. He died ten years ago. Although he was 
not an inventor or an industrialist himself, his influence opened 
Through his universa! 
through his personal contact 
and through his 
in his teaching and in his writings, to 


the way to the success of the gas turbine. 
knowledge of fundamental seience, 
with students, inventors, and industrialists, 
enthusiasm, he was able, 
give a turn to science which was essential to progress. 

The first successful attempt to build a gas turbine was made 
by the two Armangaud brothers in Paris around 1905. Their 
machine consisted of two centrifugal compressors working with 
a pressure ratio of four, a combustion chamber, and a Curtis- 
turbine wheel 3 ft in diameter and turning at 4250 rpm. Gas 
entered at a measured temperature of 1040 F, although Stodola 
estimates that it must have been higher; for it is well known 
that difficulties in measuring high temperatures at the turbine 
were encountered at the start. The set supplied not mechanical 


power but compressed sir. The efficiency, however, did not ex- 
ceed 3 per cent. 

A general distinetion in thermal engines should be made 
which, next 


machines, is most essential 


to the obvious one of reciprocating and rotating 
engines with discontinuous combus- 
This distinction is 
it fundamentally affects problems of com- 


tion and engines with continuous combustion. 
essential because 
bustion and fuels. To the first category 
internal-combustion reciprocating engines of all descriptions 
the Humphrey 
plosion of a gas mixture chases a liquid column like a piston (and 
humph . resounded through the 


belong, of course, 
pump, that strange creation in which the ex 
whose slow humph . . 


1 Director of Research, Brown Boveri Company. 
Based on an address delivered at the Gas Turbine Power Luncheon 
at the Fall Meeting, Chicago, Ill., Sept. 7-11, 1952, of Tue AMERICAN 
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plains of northern Italy around 1915). To the 
discontinuous-combustion engines belong also a Stauber turbine, 
derived from the Humphrey pump, in which the explosion cham- 
bers rotate and the water column is delivered to a turbine (a 
system that actually worked, although it did not survive); and the 
free-piston system of the brilliant inventor Pescara, a successful 
and promising combination of reciprocating and revolving ele- 
ments which, under the tenacious efforts of a French group, has 
been developed to a technical and apparently a commercial suc- 


category of 


cess. 

The principal representative of a purely rotating machine with 
intermittent combustion is the Holzwarth gas turbine. Stodola 
devoted most of his gas-turbine studies to the Holzwarth ex- 
plosion turbine. Some of those studies are to be found in Sto- 


The re- 
His work covers 


dola’s voluminous book, ‘Steam and Gas Turbines.” 
mainder exist only in his unpublished notes. 
practically all problems 
resistance, and cooling of the turbine 


mechanical, heat 
and its significance reaches 
What strikes the reader is 
the scarcity of fundamental experimental data which were at 
Stodola’s disposal and the stupendous mathematical skill which 
he developed to find such things, for instance, as the local heat 
transmission in the curved channels of a blade. 
tunate modern engineer would doubtlessly turn to the laboratory 
for such information and get quicker and probably more reliable 
results. 
In 1927 


thermodynamic, 


far beyond the Holzwarth machine. 


The more for- 


Stodola was called upon, together with the German pro- 
fessor Schiile, to test a 500-kw oil-fired Holzwarth turbine built 
in the Thyssen shops in Muhlheim (Ruhr). 
jacketed by evaporators 


The turbine was 
and internally cooled; it was found 
that an unexpected amount of heat was transmitted to the water. 
Only 8 per cent of the calorific value of the fuel was transformed 
into mechanical energy at the turbine shaft, but another 10 per 
cent was available in the power-producing capacity of the steam 
generated in the jackets, giving a total of 18 per cent. Stodola 
predicted that, turning all experience of the 500-kw set to profit, 
a machine could be built that would exceed 30 per cent efficiency. 
Though not sharing these expectations, Brown Boveri designed 
and manufactured a 2000-kw turbine which was shipped to Ger- 
many in 1933, to be operated in a steel plant. No performance 
data are available. 

Noack of Brown Boveri drew unexpected conclusions from 
Stodola’s reports: “If heat transmission is so disturbingly high 
at high velocity,” he said, “let this be turned to advantage in a 
steam boiler of extremely reduced heating surface, 
built his first “Velox” boiler which, like the Holzwarth turbine, 
worked on an explosion cycle. 


and hence he 


The reason for selecting the ex- 
plosion cycle for a supercharged boiler as well as for the Holz- 
warth turbine is the advantage it has of producing pressure rise 
without the expenditure of mechanical work during combustion, 
This made it possible to overcome the deficiency of compressors 
and turbines of that period and to achieve 
compression work, draft losses at high velocities, and expansion 
work and thus toe avoid the failures encountered by Stolze and Ar- 


a balance between 


mangaud. However, there was a great desire to get away from in- 
termittent combustion with its delicate problems of scavenging, 
Hence the im- 
portant decision was taken to shift to continuous combustion, a 
principle which has been followed by practically all designers; 
and a multistage which existed on 


of forming an explosive mixture, and of ignition. 
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only, and a multistage axial turbine of the reaction type were 
chosen, 

Iexhaust-gas-driven supercharging sets are predecessors to the 
gas turbines of today; many problems of high-temperature 
operation have been investigated and solved on them. Stodola, 
in referring to early superchargers built for aero engines, during 
the first world war, mentions three names, Rateau and Moss, 
who are well known, and Sherbondy, a distinguished American 
engineer with whom the author was associated in 1925, who had 
an extraordinary vision of the technical future and was doubt- 
lessly the first to introduce results of wind-tunnel tests for air- 
foils in the study of axial compressors. 

The superchargers of the Sherbondy type with single-stage 
compressor and turbine, which are still undisputed in the internal- 
combustion-engine field, were at first not considered good enough 
for gus turbines or even for the Velox boiler. Later, when much 
higher temperatures became possible, they were adopted for the 
great aviation development in Great Britain and the United 
States, and immense progress was achieved in their performance. 

The multistage charging sets of the first Velox units needed 
some auxiliary power because the requirements of the compressor 
exceeded the output of the turbine. 
versed, and the charging set was able to deliver excess power to 
This principle of gaining excess power 


Later, the balance was re- 


the station bus bars. 
from the combustion cycle in a steam plant may have a considera- 
ble future in large steam stations. 

In 1936 a new application of the charging sets appeared when 
the Sun Oil Co. of Philadelphia called for superchargers to burn 
carbon residues in their Tloudry-process cracking stills under 
pressure with the production of whatever power the cycle would 
Henry Thomas of the Sun Oil Co., having 
judged the idea sound, ordered the machines and built the plant. 


be able to supply. 


He was rewarded with full success, and more than 30 Houdry 
sets built by Brown Boveri and Allis Chalmers have shown 
remarkable reliability. 
severe, it is true, because the temperature is moderate and the 


The operating conditions are not too 


gases are relatively clean. 

For shop tests, the charging sets for the Sun Oil Co. were 
fitted with an oil-burning combustion chamber, and not until 
the entire equipment was actually running was it realized that 
a regular combustion turbine had been born, and was in fact 
standing there showing what it could do. 

Adolf, Meyer was now keen to push the combustion turbine 
proper to suecess. He secured an order for a unit to deliver 
stand-by power to the town of Neuchitel in Switzerland. This 
machine was shown in running condition at the Swiss National 
Exhibition in Zurich in 1939. It differed from the Houdry sets 
The temperature was higher, the turbine 
blading had been redesigned for better efficiency, and air jackets 
had been provided to avoid distortion through uneven tempers- 
ture distribution of the gases leaving the combustion chamber. 

Brown Boveri thought it would be fitting to invite Stodola, 
the father of the gas turbine, to conduct official tests on this 
first machine. He greatly appreciated this gesture. Aged 80, 
he appeared with a crew of engineers and a wagonload of in- 
struments to carry out tests of a thoroughness and accuracy 
that could set a standard for all time. 

The Neuchatel type of machine was very successful except 
for the combustion-chamber lining which was redesigned two 
or three times before it gave satisfaction. It has remained to 
the present day asx the type of machine most frequently built 
by Brown Boveri. A unit was installed on a locomotive of the 
Swiss Railways in 1942 

At this time several groups in different countries started the 
development of some modern combustion turbines. The 
British Air Ministry ordered a gas turbine from Brown Boveri 
“to play with” and perhaps to run to the temperature of de- 


in several respects, 
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struction. They admitted their hope of fiying with turbines but 
carefully kept secret the fact that Whittle had a set with which 
he had taken to the air. Nobody can appreciate better than 
an engineer actively engaged in gas-turbine problems himself 
the immensity of the work, the skill, and the efficiency that were 
developed, under the menace of death and destruction, by the 
British and American air industries during and since the war. 
Much is to be learned by the designer of industrial machinery, 
though constructing machines to last several hundred thousand 
hours is obviously a different matter. But aviation history 
is not to be included in this review of gas turbines. 

An early pioneer of the modern industrial gas turbine is George 
Jendrassik of Budapest. In 1939 he published the description, 
pictures, and test results of a 100-hp unit for which he claimed 
a thermal efficiency in excess of 21 per cent at a gas temperature 
of only about’*900 F. He had a very large heat exchanger in 
relation to the power and the air temperature was around freezing, 
which favored the results 

Among the Swiss firms, which, of course, are closest to the 
author’s sphere, Escher-Wyss launched the original idea of the 
closed air cycle, promoted by Ackeret, a successor to Stodola 
at the Institute of Technology, and by Keller. Sulzer Brothers, 
with no tradition in the engineering of large turbines, produced 
au gas turbine of a mixed open and closed eyele. A machine, in- 
stalled in Weinfelden, has developed an output of about 20,000 
kw. Oerlikon has built a gas turbine of conventional design 
with an centrifugal Boveri 
has delivered a number of machines with a record of several vears 


excellent compressor. Brown 
of successful operation. 

Admirable results have also been obtained in the United States, 
outside the field of aviation, as a result of years of effort, particu- 
larly by the General Electric Company which has the greatest 
number of machines in operation, and also by Westinghouse, 
Allis Chalmers, and others. In great Britain, Parsons, the British 
Thompson Houston Co., Metropolitan Vickers, Ruston and 
Hornsby, English Electric, and Allan and Sons have turned out 
units. One is on a ship and another on rails where it competes 
with a Brown Boveri gas-turbine locomotive. In France, the 
Electro-Mecanique, Alsthom, 
Rateau have designs of their own. Gus turbines have been 
produced in Sweden, Holland, and Denmark. As a curiosity 
the reciprocating unit developed by the Phillips Co. of Holland 


Compagnie Turbomeca, and 


may be mentioned. Air is compressed in multieylinder com- 
pressors, passed on to an air heater, heated by a continuous 
flame, and expanded again through pistons. 
therefore of the continuous-combustion class. 
In closing, I would like to make a general remark on our sub- 
ject. It seems to me that we can distinguish three typical epochs 
in the history of gas-turbine engineering and in engineering more 
generally. The first, around 1900, was the epoch of great in- 
ventors, of men acting by intuition more than by reasoning and 
computation. They created an almost perfect Diesel engine 
and a fair steam turbine, but no gas turbine worthy of the name 
The second is the epoch of more precise theoretical thinking to 
assist intuition. It saw the growth of steam turbines to 100,000 
kw and more and produced the first working gas turbines. Sto- 
dola, it is only fair to recognize, promoted this evolution, though 
The third epoch, the present, 


This machine is 


of course, he was not the only one. 
is a period of systematic experimentation to support theoretical 
thinking which in turn guides intuitive action. It is the epoch 
of wind tunnels, of metallurgical laboratories, of research on 
combustion, of physicists and chemists assisting the engineer. 
We have learned to observe nature and to interpret her teachings 
and translate them into practical constructions. The gas turbine 
is a very pretentious machine which, unlike the combustion engine 
and the steam turbine, had to await the advent of the third 
epoch before it could be made a success 
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Gas-Turbine Progress Report— 


Introduction 


By R. TOM SAWYER,! NEW YORK, N.Y. 


PPNHIS year (1952) we are celebrating the 161st anniversary 

of the granting of the first patent covering a gas turbine. 

In 1791 an English patent was issued to John Barber for 
the combination of an air compressor, a gas-fired combustion 
chamber, and a turbine adapted both to drive the compressor 
and to perform useful work. The fuel was to be drawn from a 
pressurized gas producer, thus enabling the plant to use solid 
fuel. 
practice. 

The first gas turbine which was actually operated was that 
designed and built in France by Stolze. Testing of this unit 
began in 1900, but the results were discouraging because of the 
Although the unit was not success- 
ful, it represented « major step forward in design since it employed 


There is no evidence that this patent was ever reduced to 


low component efficiencies. 


an axial compressor and turbine as well as a regenerator. 

The first United States patent covering a complete gas turbine 
was issued on June 24, 1895, to Charles G. Curtis. The design 
shown in his patent drawing is quite similar to that used in air- 
craft gas turbines today. For this achievement the Gas Turbine 
Power Division presented its first award to Mr. Curtis in 1948. 

In the early part of the twentieth century many efforts to re- 
duce the gas turbine to practice failed, largely because of lack of 
suitable materials to permit the high temperatures needed and of 
a high-efficiency compressor. 

The modern era of the gas turbine begins in the 1930's. Brown 
Boveri had developed suitable axial-flow compressors and had 
gained invaluable experience with gas turbines used as auxiliaries 
to Diesel engines, Velox boilers, and Houdry-process charging 
The first practical central-station gas-turbine power plant 
was built by Brown Boveri and tested in 1939. It is still in suc- 
cessful operation where it was originally placed in the city of 
Neuchatel. The net output is 4000 kw with a thermal efficiency 
of 18 per cent. 
duced by Brown Boveri and was placed in operation on the Swiss 
Federal Railways, in 1941, and is still in service. 

In this country credit is given to Sir Frank Whittle for instigat- 
ing and promoting, as well as patenting, the jet-propelled plane 
used today. In 1930 Sir Frank Whittle applied for his first gas- 


Sets. 


The first gas-turbine locomotive also was pro- 


' Manager, Research Department, American Locomotive Com- 
pany. Mem. ASME. 

Contributed by the Gas Turbine Power Division and presented at 
the Fall Meeting, Chicago, Ill., September 8-11, 1952, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS 

Notes: This is paper No. 52—F-1A of a Progress Report which the 
Executive Committee of the Gas Turbine Power Division authorized 
at its 1951 Annual Committee Meeting. It is expected that similar 
Progress Reports will be issued at appropriate times in the future 
The series includes the following: ‘Materials, Cooling, and Fuels, "by 
A, A. Hafer, paper No. 52—F-1B; ‘‘Cycle Components,” by P. F. Mar- 
tinugzi, paper No, 52—-F-1C; “Automotive,” by Frank L. Schwartz, 
paper No. 52—F-2; ‘Railroads,’ by K. A. Browne, J. I. Yellott, and 
P R. Broadley, payer No. 52—F-3; “Marine,” by W. A. Dolan, Jr., 
and A, A. Hafer, paper No. 52—F-4A; ‘Merchant Vessels,’’ by W. A. 
Dolan, Jr., and A. A. Hafer, paper No. 52—F-4B; ‘Naval Vessels,”’ 
by W. A. Dolan, Jr., and A. A. Hafer, paper No. 52—F4C; “Station- 
ary Flectric Generation,”’ by Lee Schneitter, paper No. 52—F-5; 
“Industrial,”” by L. N. Rowley and B. G. A. Skrotzki, paper No. 52 
F-6; “Aviation,” by I. H. Driggs and O. E. Lancaster, paper No. 52 
—F-7. 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society. 


turbine patent, consisting of « combination axial and centrifugal 
compressor and two-stage axial turbine. However, credit for 
first reducing the turbojet to practice goes to a young German 
physicist, Pabst von Ohain, who, while in the employ of Ernest 
Heinkel of Germany, designed and built the first turbojet engine 
(He 8 3b) which flew in the Heinkel He 176 plane on August 27, 
1939. The first British unit flew in May, 1941, and this was the 
second gas-turbine jet-propelled plane. The German design was 
unique in using a centrifugal compressor back to back with a 
radial inflow turbine. 

The first boat to operate exclusively with a gas turbine was 
built for the United States Navy and powered with a 175-hp 
Boeing turbine. 1950. 
It is of interest to note that the British put a launch in the water 


This first entered service on May 30, 


on May 6, 1950, which was powered by two Rover gas turbines. 
However, this craft did have a small auxiliary Diesel engine for 
harbor use. In this connection it is of interest to note that the 
Metropolitan Vickers 3000-hp gas-turbine locomotive first placed 
in service early in 1952, was the first. locomotive to be exclusively 
powered by a gas turbine. All other locomotives had «a small 
Diesel engine on board for hostling purposes. 

The Rover Company equipped the first gas-turbine-propelled — 
automobile which entered service in 1950, and in the same year — 
the Boeing turbine was the first to be used to operate a heavy-— 


duty truck. It also should be pointed out that, to the ae 
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TABLE 1 LIST OF WORLD-WIDE GAS-TURBINE UNITS e 
(Aircraft gas-turbine units not listed except those built by AiResearch, Boeing, B.T.H., Continental, Fairchild, Solar, Turbomeca SL 
Comp: and Service built 
Ratings Model zo. Rating for Remarks 
ib t = pounds thrust ehp = equivalent horsepower Pimene TR-O11 175 - 
90a t 
hp = horsepower = hp + (ib t/2.6) we de 
kw = kilowatt 330 bt = Jet ( 2) 137 1 
Marbore I 530 - 
cfm = cu ft per min 650 Jet (2) 
Marbore II 10 
wt Jet ( 2) 275 -. 
Aepin I 360 - 
Company end Service built 50 ib t Jet-dueted fan ( 2) 275 1b > 
el No. Rating for Remar). Aepin Il - 
790 1b t  Jet-@ueted fan ( 2) 300 1b 
Denmark 
Elsinore Ship- HOLLAND 
building co, 3000 hp Exp. marine (4B) High-press, pert plent on 
eutent test developing 500 net hp Sostechenet-u.9. 2000 kw Stetionary ( 8) Por Shell et Venesuele 
w.H. Allen ITALY 
Steblimento 350 hp Experimentel ( 2) et Milan 
300 hp Gen, unit (4C) British Nevy Ernesto Brede a 
Brit Thompson 
Houston 1200 hp Marine (UB) In tenker aurie Tokyo Shibeure 2000 hp Experimentel 3) For Ry. Tech. Res, Inst. =. 
500 kw Statiorary (2,5) For Best Africa Electric Co, 1500 hp Experimental ( Por Ry. Tech. Ree, Inst. 
fir Frenk whittle's firet unit Jet ( 9) Pullt in 1936 
2000 lb T «Jet ( First Pritien untt to SPAIN 
170 hp Automotive (12) A project 
Jonn Brown 300 (19) First operated on open cycle 
then closed SuEDER 
$00 
hp Experimente! DeLevel 2400 hp Swedioh Nevy (4C) Por torpedo bost 
losed cycle 1000 hp Experimentel( 10,11 ting ell t fr 
« Stel Factory 2400 kw Stetionary ( 5) Under test 
losed cycle 700 kw tationery ( 6) Coventry Ses works a 
af lowed cycle 2500 iw Stationary ( S) Dundee, Scotland SWISs 
Prush Elec. Brown Bovert & Co.23000 cfm Houdry Unit ( 6) 2 unit - Magnolte Pet. 
ong. CO. 2500 iw tationary ( 5) For Metro, sater Board 40000 cfm Houdry Unit 6) 3 one va 
oudry units - Sun 
entrex 160 hp Automotive ( 2) 26500 cfa Blast Furnmese ( 6) At Be ldo, Spain 
2200 hp Locomotive ( 3) First ges turbine loco. 
Englian Electric 150 hp Swiss Federe) Rys. 
350 hp Experimentel (14) In 2500 bp Locomotive ( 3) pritish Rys. 
5) c t co & 
2000 Expertmente! ( 5S) One coal, one methane for 
1875 Stationary ( 5) Power 2000 kw Blower Drive ( 6) In steel mill, Spein 
20000 kw Stettonary ( 5S) feo on order for 4000 kw Stationery ( 5) let plent at Neuchatel 
ritten Nevy (& MS Hotham (on test 1650 kw 
Metropoliten 5000 kw Stationary races 
Vickers Ltd, 2 kw tetionary ( One on shop power supply & Arebier of] fields 
one on producer ges ( 
1750 kw tetionery ( 5) For Shell | 3} 
Venezurle 
1 at Peru 
teationary 5) Metro. water Hoerd-asnford « 
2500 np Britisn Navy (uC Musoum Eecher Wyss 2000 kw Experimentel ( 5) lst closed-cycle plant 
. om n MTB 5 
eterted in compeny shops 19 
4600 hp Britisn Wavy bent 12500 bw Experimentel ( 5) At Paris, 
2 eun in operation Oerlikon 1000 kw Experimentel ( 5) at sonpeny 
3000 hp Locomottve ( 3) let Britten putie 730 kw Stetionary ( 5) Por "Bone 
Penstvete 2000 hp Kzperimentel (10) Por combustion teste Seurer 250 hp Experimentel (1c) Automotive 
3500 hp Marine (4B) Im Wallsend Research Station 
15000 np Pritien Nevy (4C) Only combustor on test Sulser Bros. 
Persone hp Experiments! (8,11) Pulwerised coal UNITED STATES 
1500 hp Locomotive { 3) Co burning-mech. drive 
Ordered by Ministry of AiResearch 
Puels 
2000 kw Only eir bleed ( 6) At Pyestook = oy 2) 
2500 kw Stationery ( 5) Shop test unit car 
10000 kw Stationary ( 5) For Pyestock OT™ 125 125 (2) 2 ib 
15000 bw 3) Per 150 hp Gee Turbine Motor@) 80 1b (variable nossie) 
Allis Chalmers 16000 cfm  Houdry Unit ( 6) 1 et Marcus Hook 
cus 90. 
Rover 200 hp Automotive { 2) Pirst ges turbine to 23000 ofa Houdry Unit ( 6) 7 unite plus 1 «t L.n.c. 
operate in auto (Locomotive Development 4 
T. 150 - ‘ommit tee) 
- 1 np British Nevy (2,4C) 4 unite built 
r 
Ruston & Horneby 1070 ° 
1200 hp Locomotive ( a 
750 Stationary ( imental burning 3090 hp Experimentel (4C) Tested et Anr apolie at 1500 F | 
3 for Air Ministry 4250 np Bxperimentel ( 3) Owned by L.D.°., on test 
FRANCE Boeing 4 
Alethom 5000 kw Ltetionary ( 5) At company plant-Pelfort Bev 160 
le Elegtro- turbine onl 
Mecanique 10000 np Faperimentel (uy let ges turbine truck 
ng un a 
Reteeu 2000 kw Stationery ( S) Peet unit et St. Denis 502 220 ehp Prop ( 2) Pirst unit tn Helicopter 
3900 hp Merine (4B) Built by SACB with 
Rateau for Liberty Ship Clerk Bros, $500 hp Pipe line ( 6) at Mooreneead, Ky. 
Turbomece 1600 hp aperimentel (ly) at St, Denis Leb, 
t 3500 np Freneh Nevy (4C) Under construction for Continentel 
5.9 ase ( 2) 160 Motors (2) Have license from French Turbomece for ell units except *Oredon® 
Felouste 2.3 lb/sec Air bleed ( 2) 170 ib 
170 bp 2} DeLavel 3000 hp Locomotive ( 8) Only designed 
Artouste I 250 Wavy Wo . 
260 hp Ace. drive ( 2) 185 1b 
36D-1 750 hp Experimentel (4C) Dismantled 
400 bp Acc. drive 2) 200 Ib Elliott 3000 hp Merine (48) Por Maritime Comission, 
Tupbine Motrice 275 - held 
300 np Automotive ( 2) 225 1b Artouste ts d 
modified with free turbine Navy Ho. 
Automotive X2SLV 308-1 
study (12) Pelouste delivers air to 2500 tp (ue) 


enother combustor end 
turtine 


_ 


SAWYER 


TABLE 1 (Continued) 
Compeny end Service built 
Model No. Rating for Remarks 
Wevy 
JOLVTE-2 2379 bp U.S. Navy (UC) 1 Completed and élemantled 
Stopped construction 
3750 np Experimentel(§,13) Stopped construction, 
cencelled. For L.D.c. 
3900 np Locomotive 8,14) For Sante Fe Ry. 


Completed, tested end 


cancelled 


3500 np erimentel (17) Om test company shops 
5000 hy (17) Under development 
Peirenild 
(Ltratos) Oredon 140 hp Gen. drive ( 2) Licensed from Turbomece 
1000 1b Jet (28) 300 
Generel Electric 4500 np Locomotives (3) Demonstretor in service 
11/14/48 
let unit sold U.F.-Delivered 
5000 np) Stationary (Ss 
3500 kw) 
5000 kw Stationary (5) 


Split turbine 


4000 kw Stationery (5) 
At Gainmeville, Tez. 
S000 hp Pipe line (6) Split turbine, warteble| 
nostles 


Lerge nurter réer 
General Motors 


Allison Div - 


Navy No. 
2000 hp Nevy (KC) Split turbine 
Leboratory Div. 300 hp Automotive (2) Small eplit turbine 
foler - ¥Ao 140 np experimental (2) Twin turbines geared to 1 ge 
Mere - Tul 25 kw Gen, unit (2) 
Mars - TLS - 
Nevy No. 1MCLSS-2 47 hp Fire pump (40,2) Hend sterted e¢ ¢ 
Mere 47 hp Fire pump (2) Improved 165 1b 
Jupiter - T400 
Navy No. 200 kw en. unit (4C,2,5) One built 
Jupiter - TS20 280 - 4 
Nevy No. SMC205-5 kw Gen. unit (4C,2) Improved T400 
Japiter - T522 - 
Nevy No. SMV20S-,, hp Propulsi m (&4C,2) Split turbine 
westinghouse 
Electric 1800 np Pipe line (6) Let unit in pipe-lire service 
hp Loco otive (3) Two units tn 
exporimente) locomotive 
1250 kw Stetionary (5) Shop test untt 
000 kw Stationary (5) west Texes utilities 
45000 kw Stetionery (5) 2-sheft unit, 
Oklahoma Public Service 
3500 kw) {Split turbine end regeneretor 
S000 np) Pipe line (5,6) (hop test unit 
® Numbers in parentheses apply to the references accompanying the 


table 


knowledge, the Boeing turbine was the first gas turbine to propel 
a helicopter through the usual means of transmission, actually 
replacing « reciprocating engine. The first flight was made on 
December 10, 1951, at Bradley Field, Conn. The British 
Thomson-Houston Company was the first to place a gas turbine 
in a commercial ship, the Auris, and operate it at sea for some 
period of time, making a run in 1951, from England to the Gulf 
Coast and return. This 1200-hp turbine replaced one of the four 
Diesel-engine generator sets. 

England is taking the lead in the development of the marine 
gas turbine with many builders actually in this field, including 
Allen, B. T. HL, [english Electric, Metropolitan Vickers, Pame- 
trada, Rolls Royce, and Rover. 

The Escher Wyss factory is the birthplace of the closed-cycle 
system which is noted for its high efficiencies and capability of 
burning any fuel. 

The Locomotive Development Committee of Bituminous Coal 
Research, Inc., adhering to the simple open cycle, is currently 
In Eng- 
land the Parsons Company has a contract for an 1800-hp locomo- 
tive which will use the exhaust-heated cycle. The power turbine 
will drive the locomotive through a two-speed transmission. 
The John Brown Company is conducting extensive experiments 
A number 


running high-load tests on a 4250-hp coal-fired plant. 


with the closed cycle using « stoker-fired air heater. 
of projects are under way in England and elsewhere directed to- 
ward the development of successful methods for using peat, lig- 
nite, mine gas, and other materials, as gas-turbine fuel 

Table 1 lists all gas-turbine plants on which details have been 
made public. These range from the small units produced by 
AiResearch, of which thousands have been produced, Fig. 1, to 
the largest unit in service today, Brown Boveri’s 27,000-kw gas 
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Details of the units listed in Table 1 can be found in the com- 
panion papers of this symposium. 


CONCLUSIONS 


The following conclusions may be drawn from the papers con- 
stituting this Progress Report: 


1 Statements are made as to the tremendous future role the 
gas turbine will play in the power field. As we are all human, it 
is hard for us to realize fully what this means until we actually 
see with our own eyes the turbine applied to some of these many 
uses. For example, most of us are automotive-minded, We 
know about what a jeep engine looks like and it is hard for us to 
think that an engine that size could power a 30-ton truck. How- 
ever, that is just what the Boeing turbine is doing—powering a 
huge truck and it isn’t as big as a jeep engine. 

2 Practical ‘by-products’? have resulted from many develop- 
ment programs 
been spent to develop a turbine for a certain use, and after being 
put to that use it was found to be better in an entirely different 
In other words, 


In more than one case considerable money has 


application, and with only a few modifications. 
we learn a great deal by actually doing rather than just theoriz- 


ing. 
3. Fuel flexibility is the subject of the most important develop- 
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ments which are currently under way. Splendid records have 
been made in this country with plaints which burn natural gas 
and high-grade distillate fuels. Problems begin to be encoun- 
tered as soon as less expensive fuels are used which contain solid 
residues. Most of the plants now in serviee can burn Diesel oil 
satisfactorily but only a few can burn residual fuel without en- 
countering vanadium difficulties, After seven years of work, the 
Locomotive Development Committee is now operating its large 
turbine at high loads with bituminous coal as its only fuel. Tests 
have been made at the Dunkirk laboratory using Australian lig- 
nite, which burns with a short hot flame like jet fuel and leaves a 
Other ways 


of using coal in the gas turbine are being tried by at least seven 


minimum of ash to be removed from the heated air, 


separate organizations throughout the world, and more than one 
method should be perfected within the next few years. 

The burning of heavy oil, once thought to be a simple assign- 
ment when compared with the problem of burning coal, has been 
found to be difficult, beeause of deposits and corrosion at high 
temperatures, The immediate solution to burning heavy oil is 
to find « suitable additive, but even this is being difficult and a 
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It is, 
therefore, possible that a satisfactory method of burning coal 


satisfactory one has not vet been found for general use 


may be found as soon as we economically can burn heavy oil in 
high-temperature turbines. 

4 With the use of the gus turbine definite progress has been 
This is a factor which will come to the front 
Years 


made in safety. 
more and more, “‘Jet fuel’’ is safe compared to gasoline. 
ago the railroads discarded practically all large gasoline-burning 
In time the air lines no doubt 
The trucking industry has largely made this 


power plants for safety reasons 
will follow suit. 
change and it is possible with the use of the gas turbine that even 
private automobiles may get away from an explosive fuel. 

5 The authors of the Progress Reports have tried to give 
objective statements of the present and future position of the gas 
turbine in various fields. As stated previously, these papers do 
not cover power plants of which only a portion of the plant is a 
gus turbine, and here lies a great expanding field, not only for 
the gas turbine but other types of power plants that have reached 
their limit and can be expanded only by the use of the gas tur- 


bine, 
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Ihe latter is the largest unit and the plant is the largest gas-turbine 
te 
= 


© 


40 
a 
| 
Fic. 2) Brown Bovert Tr 
The unit in the foreground is rated WO kw; rear unit ist i 
. 


IMrkoveD ALLOYS 


MATERIALS 


Hk obvious way of raising the gas-turbine cycle efficiency 

would be by using superior high-temperature alloys to per- 

mit higher inlet temperatures. The trend toward developing 
materials with good high-temperature properties has been going 
Since 1930 there has been a sharp 
upswing in research to perfect high-temperature materials and 
this high level of research is still continuing (1).? 1940 the 
tremendous amount of time and effort devoted to high-tempera- 
ture alloys has certainly been influenced strongly by the desira- 
bility of obtaining higher operating temperatures in the gas- 


on for many years. 


Since 


turbine engine. 

It is difficult to produce an alloy which will satisfy the stringent 
requirements imposed by such gas-turbine-engine components as 
the turbine blades and disks. 
terials having the following characteristics (2): 


Such components demand ma- 


Good high-temperature properties 
Desirable characteristics at room temperature. 
Consistency of quality. 
(jood oxidation and corrosion resistance. 
(,00d load-carrying ability 
structural stability. 
Rentention of ductility. 
Ciood fatigue strength. 

(iood damping capacity. 

10) machinability. 

11 (Ciood weldability. 


The exact value or relation of these various characteristics will 
vary, depending on the temperature, pressure, speed, and appli- 
cation to which the gas-turbine engine will be subjected. 

\ tremendous amount of literature has been published in the 
alloys 


past several vears furnishing data on high-temperature 


(3,4, 5,6,7,8,9, 10,11). The Bureau of Ships has recently com- 


piled data on 39 gas-turbine alloys as given in Table 1 


Turbine and 
Navy. Jun, 


USNR, 
Bureau of Ships, 


Turbine Project Officer, 
Department of the 


' Lieutenant, Gas 
Gear Branch, 
ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper 

Contributed by the Gas Turbine Power Division and presented at 
the Fall Meeting, Chicago, Ill., September 8-11, 1952, of Tue 
American Society oF MecHanican ENGINEERS. 

Nores: This is paper No. 52—F-1B of a Progress Report which the 
Executive Committee of the Gas Turbine Power Division authorized 
at its 1951 Annual Committee Meeting. The series includes the fol- 
lowing: “‘Introduction,”” by R. Tom Sawyer, paper No. 52—F-1A; 
“Cyele Components,’ by P. F. Martinuzzi, paper No. 52—F-1C; 
“Automotive,”’ by Frank L. Schwartz, paper No. 52—F-2; ‘‘Railroads,”’ 
by K. A. Browne, J. I. Yellott, and P. R. Broadley, paper No. 52—-} - 
3; “Marine,” by W. A. Doian, Jr., and A. A. Hafer, paper No. 52-1 - 

Merchant Vessels,”’ by W. A. Dolan, Jr., and A. A, Hafer, paper 
No. 52—F-4B: ‘“‘Naval Vessels,’’ by W. A. Dolan, Jr., and A. A. 
Hafer, paper No. 52-—-F-4C; “Stationary Electric Generation,’’ by 
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and B.G. A. Skrotzki, paper No. 52--F-6; “Aviation,” by I. H. Driggs 
and ©. Lancaster, paper No. 52 

Statements and opinions advanced in this paper are to be under- 
stood as the individual expressions of the author and not to be con- 
strued as official or reflecting the views of the Navy Department, of 
the Naval Service, or of the Society. Paper No. 52-—-F-1B 


-Turbine Progress 
Materials, Cooling, and Fuels 


By A. A. HAFER,' WASHINGTON, D. C 


There have been some differences of opinion in the past as to 
the type of laboratory tests which should be used to evaluate the 
suitability of an alloy for highly stressed high-temperature parts. 
Where only a short life is desired, this can be determined easily. 
If the engine is to have a life of 10,000 to 50,000 br or more, the 
problem is much more difficult. [ven if it were feasible to run 
tests lasting 50,000 to 100,000 hr, it can be seen that a number of 
years would elapse before « final answer were known. Creep 
tests have been commonly employed to determine life at given 


conditions (12). Sulzer Brothers, Ltd., also supplements creep | 


tests with observation of structural changes occurring during 
such tests (13). Other work has indicated that the effect of 
creep predominates above a certain temperature and fatigue is 


more important below this temperature. A combined stress 
test, in which both fluctuating and steady stresses are involved, is 
proposed to evaluate both conditions (14). In a series of wheel — 
bursting tests carried out by General Electric it was concluded 
that the most important factor contributing to high and consist-_ 
ent bursting speed is ductility (15). 

A possible explanation concerning the relative importance of | 
tensile strength and ductility may be due to differences between 
Ferritic steels have good plastic 
an adequate 


ferritic and austenitic steels. 
properties so that maximum tensile 
criterion, In austenitic steels, however, presence of brittle net-— 
works might prevent the full plasticity from being available, so — 
that perhaps only 8O per cent of the test tensile strength should 
be used for design (16). It has been proposed that for selecting 
blade materials the laboratory tests should include evaluations of 


and thermal shock (17) 


strength is 


fatigue, stress rupture, impact, creep, 
As would be suspected, the development of new high-tempera- 
ture alloys has resulted in new or more complex production pro- 
cedures. This, coupled with the necessity of obtaining precise 
airfoil shapes in certain components for maximum efficiencies, 
have resulted in the following problems (18): : 


1 Machining of materials having considerably worse machin- 
Ing properties 

2 Production of components requiring high degree of finish 
and closer tolerances than usual, 

% Inspection of these components. 
The foregoing problems have been solved to varying degrees. 
For example, such inspection “ultrasonic’’ and 
inspection partially resulted from the stringent require- 


methods as 
“zyglo” 
ments of the jet engine 


Heat-treatment required new ingenuity. Heat-treating large 
forgings at temperatures in the order of 2200 F resulted in new — 
In addition, a stimulus was provided 

One of the most promising metals 
It is now commercialiy 


advances in this field (19) 

for research on new metals. 
for gas-turbine components is titanium. 
feasible to cast titanium ingots weighing up to 650 Ib (20), 
turbine-engine requirements also have resulted in new advance- 
The adaptation of the pre- 
cision investment-casting method or “lost-wax” 
mits cast turbine blades (21). It now seems feasible also to cast 
small axial-turbine disks (22) In addition, the small radial- 
turbine rotor may be cast with integral blades. The Solar Navy 
Model No. IMC458-2 gas-turbine engine is being produced with 


ments in the precision-casting field, 
process how per- 
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the radial-turbine rotor cast by the lost-wax process. Each of 
these metallurgical advances makes the gas-turbine engine much 
more competitive with the other forms of prime movers. 

Many of the new high-temperature alloys which have been 
developed unfortunately have contained large percentages of 
strategic elements. In the past several years much effort has 

been expended to reduce the use of critical elements in high- 

temperature alloys. Some of the new less-critical compositions 

which have been developed appear to have better properties than 

the alloys which were replaced (23). At least abroad there ap- 

pears to be some sentiment in favor of ferritic steels for gas- 
- turbine-engine rotors. If a ferritic steel can be obtained having 
comparable high-temperature properties to the austenitic-type 
steel, then it has the following advantages (25): 


Cheaper. 

Less strategic material. 

More easily welded. 

Responds to heat-treatment. 

Lower coefficient of expansion. 

Higher heat conductivity. 

Easier to produce, especially in large sound forgings. 
8 Less prone to vanadium attack. 


The future prospects of obtaining much higher turbine tempera- 


The perfection of new alloys using 
such elements as molybdenum, or chromium for the base element 
offers some hope-of raising this limit ultimately to 1700 F (27) 
CERAMICS 
Ceramics are materials which contain as primary constituents 
one or more of the refractory oxides, carbides, nitrides, borides, 
_ silicides, silicates, carbon, and graphite (17, 28, 29). This group 
of materials is characterized by brittleness, a high melting point, 
and a low density. The properties of a high melting point, low 
density, and potentially low cost make ceramics attractive for 
gas-turbine-engine hot parts (30). Brittleness and inability to 
- withstand thermal shock have prevented the extensive use of 
ceramics to date. 

A comparison of melting points for carbon steels (about 2700 F) 
stainless steels (2550 to 2650 F) and ceramics (2300 to 7500 F) 
indicates the potential advantage enjoyed by ceramics. Even 
though the tensile strength of ceramies may seem low at certain 


‘ ’ 


temperatures when compared with the best “superalloys”? now 
used, it should be noted that the primary stress in a rotor blade is 
due to centrifugal force, and as the ceramic has a low density, the 
strength-to-density ratio of the blade material is more important 
than its absolute strength (30). 

A number of ceramic rotor blades have been test-evaluated by 
the NACA. A turbine with sillimanite (Al,O,8i0,) blades was 
run for 38 hr up to speeds of 8700 rpm and temperatures of 1725 F 
After operating for this period, and while running at $300 rpm 
with an inlet temperature of 1500 F, the blades failed (30). An- 
other turbine using the National Bureau of Standards ceramic, 
(No. C-4811) which is high in beryllia, ran 50 hr at a temperature 
of 1800 F and a final speed of 14,000 rpm (tip speed 737 fps) be- 
fore the blades failed. 
severe thermal shock resulting from a stoppage in the air supply. 
It was found that the carbide materials, with the exception of 
boron carbide, were greatly superior to the oxides in their ability 
to withstand thermal shock but had very poor oxidation resist- 
ance (17), 


Failure ir this case was caused by a very 


An investigation of seven hot-pressed ceramics disclosed that 
titanium carbide was the most promising of the ceramics tested, 


having good resistance to thermal shock, and a strength of 15,850 
psi at LSOO F and 9400 psi at 2200 F. 
strength of 15,850 psi at 2200 F, but had very poor oxidation re- 
sistance (31), 


Zirconium carbide had a 


Although ceramic rotor blades do not look promising at this 


time, stator blades or metal-supported combustion-chamber 


liners offer possibilities (28). The real value of ceramics now, 
however, appears to be in the form of an extremely thin coating: 
applied to metals for corrosion and oxidation resistance. In- 
tests conducted on two different alloys in a corrosive atmosphere 
(hydrogen sulphide) at 1350 F, an uncoated 5-816 blade disinte-— 
grated in 471 hr while a ceramic-coated (alumina type) 5-816 
blade had an average tensile strength of ti9,000 psi (measured at 
room temperature) after being exposed to the same test condi- 
The same test applied for 101 hr showed a 8-590 blade to 
have a tensile strength of 33,000 psi, while a ceramic-coated 5-590 
(cobalt-oxide type) blade had a strength of 76,000 psi (32) 

The use of ceramic coatings to protect metal from oxidizing 
was practiced during World War [1 
by the National Bureau of Standards was used extensively on 
aircraft and vehicle exhaust systems with excellent results (33) 


tions 


Such a coating developed 


A newer ceramic coating was applied to both sides of an engine 

exhaust header and prevented any corrosion from occurring dur- — 
ing 1234 hr of operation (34). 
gaged in applying ceramic coatings 


A number of companies are en- | 


CERAMALS 


Ceramals or ceramets are a combination of ceramics and metals — 
that are pressed and sintered or hot-pressed (29). By such a 
combination it is attempted to combine the good high-tempera- 
ture strength properties and low density of the ceramic with the 
good thermal-shock resistance and ductility of the metal. The 
metal serves as a binder in combination with the ceramic and 
there is a certain optimum ratio for the two (29, 35). 
stitution of ceramals for the presently used superalloys in — 
turbine components would reduce greatly the amount of critical | : 
materials required. 

The NACA has tested a number of ceramals. 
used with iron as the binder and titanium carbide separately 
using cobalt, tungsten, and molybdenum as binders indicated 
that titanium carbide was more promising than boron carbide 


The sub- 
Boron carbide 


owing to the extremely poor oxidation resistance of the latter 
above 1600 F (36). A ceramal containing 80 per cent titanium 
carbide and 20 per cent cobalt had a strength of 57,800 to 100,800 
psi at 1600 F and 29,400 to 71,900 psi at 2000 FF. Another 
amal composed of 90 per cent titanium carbide and 10 per cent 7 - 
molybdenum had a strength of 16,100 to 20,900 psi at 2400 Fb 
(37). these titanium-carbide 
ceramals was found to limit the service life to 10 br at 2400 F, | 


cer 


The oxidation characteristics of 


necessitating an oOxidation-resistant ceramic coating for longer — 
life (17) 
as cobalt as a binder for titanium carbide (38), 


It has since been found that nickel is nearly as effective 

A ceramal con-— 
taining 86.7 per cent titanium carbide and 13.3 per cent nickel 
had a tensile strength of 16,150 psi at 2000 F and survived 100 

cycles of a thermal-shock test. Tron was found to be less effective — 
NACA 
has conducted tests with an 80 per cent titanium carbide and 20 — 
A total of 12 bi 
running time with a blade-tip speed up to 716 tps and inlet-gas— 


as a base metal for titanium carbide than nickel (39). 
per cent cobalt ceramal blades in a turbine 
temperature of 2200 F was obtained before the turbine disk | 


failed 
These tests indicated that present turbine-disk and blade-root 


Subsequent runs for as long as 110 hr have been made. — 


design practices will have to be modified to utilize ceramals (17) 
As many of the ceramals have very bigh heat conductivity, it 
will be necessary to provide better cooling of the turbine wheel 
where ceramal rotor blades are used, or the stator case, whe ne 
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ceramal stator blades are used, 


stator blades made from ceramals are now feasible (26, 40) 


2 COOLING 


Cooling of the gas-turbine-engine components exposed to the 


hot gus is the only means by which marked increases in turbine 
inlet temperatures are likely to be achieved in the near future 
Such components as the turbine blades and disk, stationary noz 
zles or fixed blades, connecting ducting, turbine-stator case, and 
combustion-chamber liner will require new or improved cooling 
methods. The most difficult component to cool from a mechani- 
cal and thermal standpoint will be the turbine blades, and there- 
fore this discussion, in general, will be limited to the blades. Cool- 
ing also may be utilized to reduce critical materials in the gas- 
turbine engine while maintaining present operating temperatures. 
The concept of cooling gas-turbine-engine hot parts is certainly 
not new. Parsons referred to water-cooling of gas-turbine blades 
in his patent of 1884 (41). It also may be recalled that the in- 
ternal-combustion engine had a very limited application until 
fluid cooling was utilized. The two main substances which have 
been employed as the cooling medium to date have been air and 
water. Liquid metal and oil also may be used at some future 
date. It should be noted here that the increase in over-all thermal! 
efliciency resulting from the higher temperatures made permissi- 
ble by cooling will be somewhat less than an uncooled gas-turbine 
engine operating at the same temperature. Cooling introduces 
losses which may include the following to varying degrees, de- 
pending upon the type of cooling employed: 


1 Cooling employed in the early stages results in a heat loss 
which reduces the available energy in the later stages of the tur- 
bine (42). 

2 It appears that in a cooled turbine it is desirable to have a 
high ratio of axial velocity to peripheral velocity, which will re- 
sult in increased volute losses (43) 

3 Air cooling requires the extraction of air from the com- 
pressor with a consequent increase in the compressor-turbine 
work. 

4 Reduction in turbine-exhaust temperature resulting in re- 
duced thermal effectiveness in the regenerator, where used (43) 

5 Larger aerodynamic losses caused by thicker blades, thick 
trailing edges, disturbance of the gas flow with air-cooled blades, 
and possibly larger blade-tip clearances (43). 


There is one other factor which must be considered when an- 
alyzing extremely high turbine-inlet temperatures. When the 
temperature increases, the optimum pressure ratio also increases. 
The difficulty in assessing realistically the effect of cooling on 
thermal efficiency is the incertitude concerning the magnitude of 
the losses introduced by such cooling. Calculations have been 
made using cooling losses of 12 per cent and 25 per cent which 
indicate very high efficiences (40), In this case consideration 
also was given to utilizing steam generated from the turbine 
cooling water to drive a steam turbine or to cool the compressor- 
inlet air by a steam-refrigeration system. The introduction of 
such complexities into many gas-turbine plants may be questiona- 
ble. 
having water-cooled blades that the heat loss of the steam was 
about 40 per cent (44). ‘The losses vary widely according to the 
type of cdoling used; simple water cooling gives the highest 
losses, sweat and boundary-layer cooling the lowest. Water- 
cooling losses can be decreased notably if the blades are coated 
with a low-conductivity material, providing the mechanical prob- 
lems associated with such a coating can be solved. In general, 
reliable data on cycle losses due to cooling are not available, but 


On the other hand, it was found on the Schmidt turbine 
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It would appear that turbine 
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a comprehensive study of various cooling methods is given in 
reference (43). 

Even if the high temperatures permissible in a cooled turbine 
do not result in as high a thermal efficiency as might be antici- 
pated, it will result in two other important benefits. The first 
benefit is a reduction in strategic materials and the other is an in- 
crease in specific power. Both of these improvements will en- 
hance greatly the gas-turbine engine. It has been shown that 
an increase of turbine-inlet temperature from 1540 F to 2500 F 
for a simple-cycle engine would result in an increase in power of 
about 140 per cent for a given plant volume and weight (45) 

A number of methods have been investigated or used to ac- 
complish cooling in the gas-turbine engine. 
cussed briefly in the following. 


Each method is dis- 


INTERNAL Atk COOLING 


The turbine rotor and stator blades may be cooled by circulat- 
ing compressor extraction air through such blades fabricated with 
a hollow interior or provided with cooling passages. The Ger- 
mans used hollow rotor blades in the BMW 003 and Jumo 004 Jet 
engines and hence this is one of the first cooling methods to be 
employed in the gas-turbine engine. The Jumo 004 was equipped 
with nozzles containing 18 per cent manganese and 9 per cent 
chromium, and the rotor blades were of 30 per cent nickel and 15 
per cent chromium. Cooling air amounting to about 4 per cent 
of the engine air throughput permitted this engine to operate at 
1400 F (43). The use of these hollow sheet-metal blades re- 
sulted in a large conservation of material also, as they required 
only '/s as much material as a forged blade (46). It has been 
estimated that with a turbine-inlet temperature of 1650 F and a 
blade circumferential velocity of 984 fps, 5 per cent cooling air 
would be required, The power to furnish this cooling air is 2.9 
to 4.5 per cent of the turbine power (47). 

Tests conducted by NACA have shown that the temperature of 
an uncooled blade dropped from 1400 to 1100 F when | per cent 
of the compressor air was bled for cooling. Increasing the cooling 
air to 3 per cent resulted in a blade temperature of 875 F, and 5 
per cent air reduced the temperature to 775 F (48). 

The General Electrie Company has used this type of cooling in 
two different models of gas-turbine engines which it produces 
The first-stage nozzle partitions in the GE 5000-hp regenerative 
engine and 5000-kw complex-cyele engine both utilize internal 
air cooling (49, 50), A number of these engines are now in 
regular commercial service. It has been reported that GE ex- 
tracts about | per cent of the compressor air at intermediate pres- 
sures for cooling purposes, and that under these conditions the 
extraction loss does not exceed '/, per cent in equivalent compres- 
sor efficiency (51). 

The most advanced internally air-cooled blades use a small 
number of relatively large holes provided with finned inserts to 
increase the effective cooling area (43). Internal air cooling 
furnishes the advantage of providing effective cooling at the 
blade root where it is most needed (44). 


BouNbDARY-LAYER COOLING 


The simplest and most extensively used cooling method now 
employed in gas-turbine engines employs the circulation of air 
over the surface to be cooled. The majority of gas-turbine en- 
gines utilize this boundary-layer cooling for the combustion- 
chamber liners. In one instance better combustion-chamber 
cooling increased the life of this component by 5 times (51). In 
addition, this method is used extensively to cool the faces of the 
turbine disks. Many of the jet engines and commercial gas-tur- 
bine engines now in service use this method of disk cooling 
(49, 52, 53). 

It is also interesting to note that the first gas-turbine engine 
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by Compagnie Electro-Mecanique, 
made extensive use of boundary-layer cooling. The four-stage 
turbine had hollow stator and rotor blades with slits near the 
leading edges. Compressed air was fed into the blades and es- 
caped through the slits to form a cool envelope around each blade. 


designed for marine service, 


This same arrangement was used in nozzle blades of a French 
aircraft gas-turbine engine with the result that the blade tempera- 
ture at the trailing edge was only 1020 F in a gas stream having a 
temperature of 1470 F with a 1 per cent cooling air flow (43). 
The turbine disk also was air-cooled in this plant (54). The 
first marine gas-turbine plant to go to sea, the Metropolitan- 
Vickers G-1, also used boundary-layer cooling for each side of the 
turbine disk (55). This cooling arrangement can be surprisingly 
effective as found in one engine where the maximum temperature 
of a rotor operating in a gas stream of 1340 F was only 650 F 
(52). 
TRANSPIRATION COOLING 

This method is also known as efiusion cooling. It consists 
essentially of introducing compressor air inside blades made of 
porous or permeable material with the result that the air passes 
out into the gas stream, thereby effectively cooling and insulating 
the blade (56). When a liquid is substituted for the air, this 
method is known as “‘evaporative transpiration” or “sweat cool- 
ing”’ (57). This method has important advantages. 
air will be brought up to the blade-surface temperature as a re- 
sult of the intimate contact between the cooling air and the 
blade wall, and the effusion of the cooling air into the boundary 
layer may produce about a 30 per cent reduction in the heat- 
transfer coefficient (43) 

As might be suspected, the main problem in developing tran- 
spiration cooling is the production of materials with uniform 
porosity and the required mechanical strength. Such materials 
likely will be produced by the powder-metallurgy method (58). 
Needless to say, the cooling air will have to be perfectly clean to 
prevent plugging the smal! pores in the material. A great deal 
of research is now going on in this country and in England to 
perfect methods of producing, fabricating, and machining porous 
materials (43, 59, 60,61). It must be noted that both boundary- 
layer and transpiration cooling, if carried out effectively, also pro- 
vide protection from blade corrosion due to combustion of bad 
fuels, which is discussed later, because they prevent contact of 
the combustion gases with the blade. y 


INTERNAL Liguip CooLinG : 


The cooling 


This type of cooling depends upon the circulation of water or 
_ other suitable liquids inside the component to be cooled. The 
early work on the water-cooled gas-turbine engine was done by 
‘Sehmidt in Germany during World War II (62). He ran a single- 
stage turbine with internal water-cooled blades for 50 hr at 2000 F, 
and for 2 hr at 2300 F. Later a four-stage turbine was manu- 
- factured in Germany and tested in England after the war at the 
- National Gas Turbine Establishment. This unit was designed 
to operate at 2190 F but was run only up to 1380 F due to poorly 
cooled substitute stator blades (43). The NACA also has con- 
_ ducted experiments on a single-stage turbine with water-cooled 
blades. These units had blades with drilled fioles fed with water 
through the hollow turbine shaft. Unless it is feasible to use the 
steam generated during the cooling process, the losses incident to 
the internal liquid-cooled system may be very high. 

This type of cooling will necessitate an air-free closed circuit 
utilizing distilled water (40). In addition, a pump, heat ex- 
changer, plumbing system, and elaborate control will be required. 

General Electric has two types of gas-turbine engines now in 
commercial operation which have the turbine stator case cooled 

Brown Boveri recently has taken out a 


by water circulation. 
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patent on a centrifugal separator for the removal of impurities 
from cooling water employed in a gas turbine having hollow 
blades and shaft (63) 


Spray 


Spray cooling prevents excessive blade temperature by spray- 
ing water directly on the blades from suitably located nozzles. 
Although there are no gas-turbine engines in service with this 
type of cooling, experimental work on this system has been done 
here and abroad. The National Gas Turbine Establishment has 
investigated spray cooling in a Whittle W2/700 jet engine. Tap 
water was used and a deposition was obtained on the blades 
after 12 hr running (43). This would indicate the need to use 


distilled water which would tend to rule this type of cooling out 


for many applications 


W arer-Pap Coouine 

ita 

This type of cooling circulates water through pads adjacent to 

the turbine disk. Heat is transferred from the disk to the cooling 

water by means of radiation and convection. This in turn re- 

sults in lower blade-root temperatures. This type of cooling will 

not permit as high gas temperatures as the types discussed pre- 

viously. This method of cooling is used in the GE 5000-kw com- 
plex-evcle gas-turbine plant (50, 64) 
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COOLING SUMMARY 

Figs. | and 2 indicate the effectiveness of the various types of 
Also it 
is an indication of the top temperatures obtainable with the vari- 


blade-cooling methods with relation to the coolant flaw 
ous cooling methods. There are advantages and disadvantages 
to both the air and water-cooling methods 
herently simpler, as it requires no complicated plumbing, heat 


Air cooling is in- 
exchanger, or distilled make-up water. Water cooling is a very 
effective method as shown in Fig. 1.) The magnitude of the coo! 
ing losses in water cooling will determine the maximum perimiss! 
ble temperatures, If the cooling losses are 25 per cent the high 
est temperature feasible for maximum cycle efficiency will be 2300 
F (40). 


internal water-cooled blades but impurities and rust in the water 


The Brown Boveri Holzwarth gas-turbine engine had 


circuit plugged the blade passages with a resultant stoppage in 
circulation and blade failures, Suitable inhibitors may prevent 
or reduce corrosion in the cooling-water cireuit (65). Whethe: 
the inherent simplicity and reliability of the air-cooling methods 
will dictate their choice over the water-cooling methods, remain- 
to be seen. Certainly the former type will be preferable in sma!) 
gas-turbine engines. It appears that transpiration cooling will 
permit the highest maximum turbine-inlet temperatures. 


3 FUELS 


It is generally agreed that the gas-turbine engine can expect 
no widespread application in the merchant marine, industrial, o1 
locomotive fieids until it is able to burn residual fuel oil, 
turbine engines will and are being used extensively in the industria! 
field where natural gas is an economic fuel. The ability of the 
gas-turbine engine to burn coal will further enhance its position 
in the industrial and locomotive fields if and when it is feasible 
Inasmuch as this prime mover can now operate on gasoline, 
kerosene, distillate fuel, and natural gas, and as the problems yet 
to be solved in burning coal are well known, this discussion is 
limited to residual fuels. 

The actual design or fabrication of suitable combustion equip 
ment for burning residual fuel oil is, in general, similar to that for 
distillate fuel (66, 67). 
tendency for temperature stratification at the outlet of some types 


The heavier fuel may result in a greate: 
of combustion chambers. ‘The real problem is caused by burning 
an ash-bearing fuel which introduces the hazard of deposition i 
the combustion system, on turbine blades, and all other surfaces 
exposed to the exhaust gas. 

Numerous land gas-turbine engines have been run on residual 
fuel but they have either had relatively low turbine-inlet tem 
peratures (below 1200 F) or have had selected grades of such 
fuel 
culty. 

The Oerlikon Company’s gas-turbine engine has been running 
on residual fuel for a long period, with some blade deposits (about 
0.04 in.), Every two weeks these are easily washed off and no 
traces of corrosion remain. NGTE ran residual fuels in a jet 
engine with not only blade fouling but also a significant degree 
of blade-alloy corrosion (66). The Metropolitan Vickers’ Gatric 
gas-turbine engine was run at idling speed for 20 min on residual! 
fuel and then compressor stalling occurred. A heavy carbon 
deposit was found in the combustion chamber and on the high- 
pressure-turbine blading. Compressor stalling had been caused 
by partial blocking of the high-pressure-turbine blade passages 
(68). The experimental C. A. Parsons and Company 500-hp 
gus-turbine engine experienced compressor surge after 8 hr of 
operation on residual fuel which caused ash deposition, resulting 
in turbine blockage (69). Other companies such as General 
Electric, Elliott, Westinghouse, and Brown Boveri have had con- 


Even these units, in general, have experienced some difh- 


siderable experience in burning residual fuels. 
As serious as the ash-deposition problem is, it is secondary to 
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corrosion resulting from such deposition. The deposits may be 
cleaned off but the corrosion process is irreversible (66) 

Corrosion results from the presence of vanadium (in various 
forms, including vanadium pentoxide ), (V2O;), certain sodium salts 
(especially Na,SO,) and sulphur (S) being present in the fuel ash 
(1, 41, 52, 66, 69, 70, 71, 72, 73) 
Diesel engines also suffer from these same impurities. It has 
been suggested that the residual fuels used in Diesel engines be 
limited to a low-ash and sulphur (2 per cent or less) content (74). 

(jenerally, sodium is in the fuel as a natural constituent but it 
may be introduced in the refinery process, or by salt-water con- 
tamination (75). This latter contaminating process will make it 
more difficult to burn residual fuel in the marine gas-turbine 
plant than in its land counterpart. The disastrous effects re- 
sulting from salt water in boiler fuels are well known (76) 

Most residual fuel oil has a considerable ash content. 
percentage of this ash may be composed of V20; and alkali com- 


High-temperature boilers and 


A large 


pounds which combine to form low-melting slags (72). 

Not only is vanadium present in almost every crude, but it 
is often the predominant impurity. A study also indicates that 
vanadium concentrations do not seem to occur in the absence of 
sulphur. Sodium is also a likely constituent, and, as has been 
mentioned in the case of marine service, may additionally be in- 
troduced by sea water. The relative percentages of these dele- 
terious elements will vary according to the source of the fuel oil 
(66). It can be seen that this problem is complicated in marine 
plants because a vessel may receive fuel from every part of the 
world and, therefore, must be able to burn any fuel likely to be 
encountered, Certain land gas-turbine plants are in a position to 
obtain residual fuels containing a specified maximum amount of 
such impurities as vanadium, sodium, and sulphur. 

The exact melting point of V,O, seems to be in some dispute. 
It has been variously reported as being 1202 F, 1247 F, 1270 F, 
and 1274 F (66, 72, 73, 77, 78). This conflict probably results 
from the different methods of preparation (66) 

The corrosion or oxidation attack of the fuel ash affects pri- 
marily the gas-turbine blades and combustion-chamber liner, 
or, in other words, the high-temperature parts in the gas stream. 
“The mechanism of this attack seems to consist in the fact that 
the vanadium compounds prevent the formation of, or destroy, 
the protective sealing on heat-resistant steels. Layers permeable 
to oxygen and of little resistance to sealing are carriers, with vana- 
dates as an intermediary stage. The existence of such vanadates 
nas been proved roentgenographically”’ (72). The V:O, must be 
either in the liquid or gaseous state and, therefore, no great diffi- 
culty from this source is to be expected below its melting point. 
Certain elements seem susceptible to an “‘accelerated”’ or “catas- 
trophic” type of oxidation. The rate of reaction is so rapid that 
the liberated heat of the reaction raises the temperature of the 
metal and results in a further acceleration of oxidation (79) 

The sulphate content of the ashes does not depend upon the 
sulphur content of the fuel but upon the elements, particularly 
sodium, which enter into combination with the sulphur (74). 
If vanadates of sodium or sodium pyrosulphate are present, a 
sticky ash is likely. The melting point of sodium pyrosulphate 
is 754 F, sodium sy!lphate 1623 F, and of metavanadate (NaVO,;) 
and pyrovanadata (Na,V,0;) about 1165 F (66). Therefore, 
below 1200 to 1275 F, the main troubles from burning residual 
fuels will result from sodium or sodium vanadates, and above 
this temperature from V,04, NasSO,, or other vanadates. Below 
about 1200 F blade fouling will be the main problem, whereas 
above the melting point of V,Os, corrosion will be the limiting 
factor 

Ash deposition and rate of attack appear to increase with in- 
creasing turbine-inlet temperatures (66, 72). Accelerated oxida- 
tion rises sharply with temperature to a certain point and then 


— 
4 
a 
J 


, a HAFER—GAS-TURBINE PROGRESS REPORT -MATERIALS, COOLING, 


It can be seen that with 
the present state of the art from a practical application it will be 
impractical to burn unselected residual fuels in high-temperature 
gas-turbine engines. 

No alloy has yet been found that will resist the V.O, or vana- 
date attacks. Certain alloys seem to be more resistant than 
others to such attacks but not necessarily for all temperatures, 
length of time, or percentages of deleterious impurities in the 
fuel oil 
which have been received concerning the resistance or suscepti- 
bility of various alloys to attack 
various elements is nickel, 


seems to remain about constant (74). 


This may account for some of the conflicting reports 


The most controversial of the 
It has been reported that chromium- 
nicke] steels, without other alloying elements, appear to have the 
best resistance to attack (72). A study with 16 Cr, 25 Ni, and 6 
Mo steel found that only when the Ni was increased above 30 
per cent was there satisfactory resistance to oxidation (79). 
Residual fuel tests conducted for 300 hr on the 500-hp John 
Brown & Company Ltd., open-cycle gas-turbine engine indi- 
cated that all of the rotor blades except those with high nickel 
content showed signs of scaling (69). Inasmuch as this unit has 
an inlet temperature of only 1200 F, the corrosion evidently was 
due to something other than V,0;—perhaps a sodium vanadate 
Tests run by Elliott for 168 br at 1350 F found that the super- 
alloys had the worst corrosion resistance, and that nickel- 
the Tests of 50-hr duration on the 
Gatric gas-turbine engine, using a distillate fuel with 2.78 per cent 
sulphur, resulted in the combustion-chamber fuel-jet shields being 
badly oxidized. These shields had a high nickel content (68). 
It would be interesting to know whether the sulphur content of 
the fuel proved particularly injurious to nickel. In the reported 
cases where nicke] was found to resist corrosion, the sulphur 
content of the fuel was low or absent, whereas in the tests which 
found nickel] to be particularly susceptible to corrosion the sulphur 
content was about 3 per cent. 


free alloys had best 


There seems to be little doubt that alloys containing relatively 
large percentages of molybdenum and vanadium are prone to 
oxidation (72, 74, 79, 80). A 4800-hp General 
Electric gas-turbine engine with 16 Cr, 25 Ni, and 6 Mo turbine- 
nozzle partitions, was run for 492 hr on residual fuel. At the end 
of this time one of the nozzle partitions had oxidized completely 
through and many of the others had been attacked excessively 
(80). 

It has been reported that Cb, Ti, Ta, Mn, and W when used as 
alloying elements have no appreciable influence on the attack 
(72). Ordinary 18-8 stainless steel was found to have the best 
resistance of the austenitic alloys to attack. 


accelerated 


Ceramics show 
varving behavior in their resistance to the ash attack and appear 
sensitive to small! differences in method of manufacture and pur- 
ity. Some ceramals, including titanium carbide combined with 
cobalt, columbium, and tantalum are heavily attacked (70). 

It has been found generally that the higher the vanadium con- 
tent of the ash the more rapid the oxidation, providing the tem- 
perature is above the melting point of the vanadium constituent. 
In addition, it has been found that the sodium content of the 
As the ratio of alkali to V.Oy is 
increased, the rate of attack increases up to a ratio of 1 to 1. 
Further increases of alkali in relation to V,O; reduce the rate of 
attack, as the alkali content dilutes the V,O, with a resultant 
weakening of the corrosion-dissolving components (72). Also, 
it has been found that the rate of attack increases with the mass 
of attacking material (70, 72). 

As would be expected, time plays an important part on total 
oxidation of a material. The attack seems to be proportional to 
time (72,79). In the Elliott experiments it was found that alloys 
which appeared satisfactory after 168 hr of exposure at 1350 F, 
showed heavy corrosion after 504 hr of exposure (70). 


ash affects the oxidation rate. 
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It also has been found that accelerated oxidation is favored in 
stagnant atmospheres (70, 70). 
operation will prevent stagnant atmospheres at high-temperature 


Fortunately, proper design and 


levels. 

A number of methods exist by which the adverse effects of 
vanadium, sodium, and sulphur may be minimized, and it is hoped 
eventually eliminated. 

(a) Distillation 
which will remove vanadium from residual petroleum economi-— 
This is 


Several of these methods are as follows: 
There is presently no distillation process- 
cally a possibility, however, and some investigators | 
believe this will be more economical than the addition of addi-— 
Lives to the oil (SL). 

(b) Additives. It is possible that the addition of certain me- 
tallic oxides to the fuel will minimize the vanadium attack by 
forming vanadates having very high melting points (82). Equal | 
parts of lime (CaQ) and V.O, form calcium orthovanadate (8CaQ, 
V2.0), which is a stable compound with a melting point of 2500 F 
(83). 


ever, additives may increase the total ash and hence deposition 


troubles (73) Care also must be taken to introduce the proper 
proportion of additive —it has been shown that the addition of 


be one which would alter the nature of the ash in such a way as to 


less than 23.5 per cent of CaO to VO, results in a eutectic with a 
melting point of only 1150 F (70). ‘The optimum additive would 


prevent it from adhering to the blades (75). 


(c) Coating. Coating the parts subjected to the high-tempera-_ 


Tests have shown that oxides of calcium, zinc, magnesium, 
aluminum, and iron reduce the corrosion at 1200 F (84). How- 


ture attack with a material which will reduce the adhesion of the — 


material or be impervious to the vanadium attack is another prom- | 


ising method (66, 70, 85, 86). The Elliott tests indicated that 


‘ 


“ihrigizing’’ was best for carbon steel with 
effective, while “siliconizing’’ reduced the amount of attack on— 
some of the superalloys. 
in protecting 18-8 steel (70). 
reduced the attack (85). 

(d) Alloys. 
susceptibility to corrosive attack, providing they have the other — 
Alloys containing very large percentages 
of Mo or V, of course, will not be used. It is unlikely, however, — 
that any alloy will be found which will resist the attack of all 
possible residual fuels at all temperatures. 


Even a chalk coating considerably 
Alloys should be selected which show a minimum 


necessary properties. 


(e) Cooling. 
should reduce the rate of attack on these components (87). 
Vanadium eutectics could cause corrosion below 1200 F, however, 
and, therefore, to be completely effective it would be necessary 


to cool the blade surface to a temperature lower than the melting " 


With most cooling methods 
this is very difficult to do as only the blade core and root, but not 


point of the lowest eutectic (88). 


the surface, are cooled; with internal water or air cooling it seems 
difficult to bring the blade-surface temperature low enough | 
particularly near the trailing edge. On the other hand, boun 
dary-layer and transpiration cooling, if effectively done, prevent 


corrosion because they insulate the blade surface from contact — 


with the combustion gases, and also cool the surface itself, 

(f) Incomplete Combustion. 
plete combustion resulting in soot will reduce the rate of attack 
(73). 
bedded in a matrix of carbon which renders the ash relatively 
innocuous (66). 
for all turbine-inlet temperatures 
may be promoted deliberately except when a regenerator is in-- 
corporated in the gas-turbine plant. 
normally undesirable. 

(g) Temperature Stratification. The elimination of temperature: 
stratification at the turbine inlet of one engine reduced the corro- 
sion rate (80 


It appears that the ash passes through the turbine em 


It remains to be seen whether this will oecur 
Therefore poor combustion 


Aluminum metallizing held promise 


It has been reported that incom-— 


This method would be 


‘chromizing” also 


Cooling the turbine-blade surface below 1200 F 


This would be expected, as if an engine had a | 
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wide spread of temperature at the turbine inlet, for a given aver- 
age temperature, portions of the blades would be subjected to 
much higher temperatures. 

(h) Thermal Shock. The deposits may be cracked off the tur- 
bine blades by a sudden thermal shock (75, 89). This will result 
inherently in a shorter engine life, however, so the extent of the 
thermal shock would require careful consideration. 

(1) Aerodynamic Design. Distribution of deposits on turbine 
blades suggests that aerodynamic forces play a part in ash de- 
position (75). Therefore, if turbines can be designed to mini- 
mize ash deposition (without affecting the component efficiency 
appreciably) corrosion attack will also be reduced. 

(j) Fly-Ash Separator. The location of a mechanical fly-ash 
separator between the combustion chamber and turbine inlet 
has been suggested to eliminate the deposit trouble. Such a 
separator would be independent of the kind of ash and origin of 
the fuel. 
would separate all of the ash but it is possible that a combination 
of two or more systems would work (75). Unfortunately, it is the 
smallest and least separable of the particles which are most likely 
to deposit, and these small particles are most likely to have a 
higher concentration of inorganic matter (66). Certainly the 
extra weight, space, first cost, and maintenance of such a system 
would be undesirable. A somewhat similar method would be 
to trap the ash before it reached the turbine by interposing an 
artificially cooled passage between the combustion chamber and 
turbine, or introducing a number of rows of fixed blades, widely 
pitched so as to cause no pressure drop (90, 91). 

(k) Fuel-Oil Centrifuge. It might be possible to eliminate the 
sodium introduced into the fuel oil in the form of salt water by 
centrifuging the fuel oil before use 

(1) Cleaning. It has been suggested that the turbine should be 
designed to allow for ready cleaning (92). Tests actually have 
been made on the 500-hp C.A. Parsons and Company Ltd., gas- 
turbine engine to determine the effectiveness of removing ash 
deposits by spraying water on the turbine blades while running. 
This method will be effective only when the ash is water-soluble. 
The success of this method is to use a large quantity of water 
(25 per cent of the air flow) in a short time so that solution occurs 
Best results were obtained when the spray 
was not too fine. For this engine about, 32.4 gal were sprayed 
into the turbine during a 15-min period every 4 to 6 hr (75). 
This would amount to about 130 to 195 gal per day. Assuming 
that the water required increased preportionately to power, a 
5000-hp gas-turbine engine would require 1300 to 1950 gal per 
Use of distilled water likely would be required for long 
Cleaning, of course, will only reduce the 


‘There appears to be no single mechanical system which 


before evaporation. 


day. 
periods of operation. 
corrosive attack and not prevent it 

(m) Alternate Burning of Residual and Distillate Fuels. The 
Gatric tests indicated that the ash deposition from residual fuels 
could be burned off by running at high speed on distillate for 10 
min (68). Another source has indicated that the success of this 
method is dependent upon the nature of the ash (75). Inasmuch 
as residual-burning gas-turbine engines will require a supply of 
distillate oil for starting and stopping, all facilities for such a pro- 
cedure will be readily availabie. 


Resipuat Fue SUMMARY 


The perfection of one or a combination of the foregoing meth- 
ods should reduce the adverse effects of burning residual fuel in 
the gas-turbine engine. Whether any of these methods will find 
general application is primarily an economic question, If a re- 
finery process or additive increases the cost of the treated residual 
fuel oil above that of distillate oil, it is apparent that it would be 
preferable to burn the distillate fuel. Other of the methods will 
result in increased weight, volume, maintenance, first cost, re- 


TRANSACTIONS OF THE ASME 


ARY, 1953 


FEBRI 


duced life, and lower the power and thermal efficiency of the re- 
sidual-burning gas-turbine engine in relation to the distillate- 
burning engine. 

\ tremendous amount of work is now being done on this prob- 
lem by both industry and government agencies in England and 
in the United States, and by industry in Switzerland. The prob- 
lem is so complex and so many variables exist that a great deal 
of work must still be done before a satisfactory solution is likely 
to be obtained. The British Admiralty and NGTE are carrying 
out @ six-point program of investigation which includes (93, 94, 


95) the following: 

1 Fuel characteristics. 
2 Atomization. 
3 Combustion. 


bd 
5 Blade and heat-exchanger fouling. 
6 Materials. 


1 Heat transfer. 


The residual-fuel-burning experience of the British Thomson- 
Houston gas-turbine plant in the Auris should furnish much 
useful information for marine gas-turbine plants, but inasmuch 
as this engine has a turbine-inlet temperature of only 1200 F, 
no difficulty from V2Os is likely. 

The high-temperature closed-cycle gas-turbine plant also may 
suffer from corrosion, but only the air-heater tubes and supports 
will be affected. ‘This is the same type of corrosion as occurs in 
high-temperature steam boilers, although the top temperatures 
now found in the closed-cycle air heater exceed that of the steam 
boiler. The turbine and regenerator of the closed-cycle plant 
handle only pure, dustless air and not the products of combustion 
as in the open-cycle plant. Therefore the closed-cycle turbine 
has an important advantage because air-heater corrosion becomes 
serious Only when the life of the tubes is threatened while even 
slight deposits on the turbine blades immediately decrease power 
and efficiency. The residual fuel-oil test experience on the John 
Brown & Company Ltd., 500-hp closed-cycle plant resulted in 
severe corrosion of the air-heater tubes in 200 hr of running. 
This was attributed to the breakdown of carbon tetrachloride 
which had been added to the fuel for the purpose of preventing 
vanadium attack (96). Owing to the immunity of closed-cycle 
turbines from corrosion, Escher Wyss is experimenting with pul- 
verized-coal-fired air heaters and no great difficulties have been 
encountered. 

The residual fuel-burning high temperature boilers and Diesel 
engines experience some of the same difficulties from sodium and 
vanadium that are found in the gas-turbine engine. Any solu- 
tion to this problem, therefore, will benefit the three main prime 
movers. 
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INTRODUCTION 


PP MUHE gas turbine is not a single machine which delivers 
power, as is, for instance, the internal-combustion engine; 
it is a power plant consisting of several components, some 

essential (compressor, combustor, turbine), some very important 
to the cycle performance (regenerator, intercoolers, and so on), 
and so it resembles the steam plant. The gas-turbine cycle is 
extremely sensitive to variations of component arrangement and 
efficiency, even more than the steam cycle. This is an advantage 
from the customer’s point of view; it can be tailor-made to suit 
his needs. If a simple, light power plant is wanted, it can be 
obtained by sacrificing efficiency; if very high efficiency is needed, 
it can be had at the cost of added weight and complication. The 
gas turbine is also the only type of power generator in which 
specific power output (hp/Ib air/sec) and thermal efficiency can 
be independent of each other. In internal-combustion engines 
and steam plants, the same means are used to increase both 
specific power and efficiency. In gas turbines, this applies 
only to cycle-temperature increases; other means (such as re- 
generation) affect the thermal efficiency but not the specific 
output. 

This paper deals with the effect of components, as regards 
design, arrangement, and eflicieney, on the performance of the 
modern gas-turbine plant. For reasons of space, only a few 

characteristic modern developments of main component design 

can be discussed. 
cycle performance also will be covered, except for high-tempera- 
ture turbine cooling, which is dealt with in a companion paper, 

“Gas-Turbine Progress Report—Materials, Cooling, and Fuels,’’ 
_ iby A. A. Hafer, paper No. 52—F-1B. 


ve 


The effect of component improvement on 


Aircrarr Gas-TUuRBINE COMPONENTS 


by. A sharp distinction must be made between aircraft gas tur- 
bines and all other types. To reduce weight and frontal area, 
all aircraft machines follow the pattern; 
only the essential components, compressor, combustors, and tur- 
bine are used. Notwithstanding the erying need for lower fuel 
consumption, no serious attempt to use a regenerator has been 
made since this feature was discarded in the Bristol Theseus 
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turboprop. The jet-engine afterburner is a crude form of reheat; 
but it is used for such short periods and its effect is so radically 
different from that of ordinary reheat that it must be considered 
asa special military aircraft accessory. 

Most of the characteristics which make of the aireraft gas 
turbine an almost distinct species are imposed by the need for 
the lowest possible drag, that is, for the smallest frontal area 
This condition, much more than considerations of weight, forces 
the design of aircraft turbines into a uniform mold. Whenever 
a small frontal area is not required, as in auxiliary power plants, 
the design develops freely according to requirements and to the 
designer’s ingenuity, as can be seen in the AiResearch and Turbo- — 
meca units. However, a small frontal area is required only in 
relatively small aircraft (fighters) or whenever the engine is 
carried in outside engine pods. It Is, however, quite possible 
that in the future these conditions will not always prevail; for 
instance, in very large land aircraft and even better, in very large 
fiving boats, the turboprop power plant can be located accessibly 
inside the fuselage or hull, only the multiple power turbines, 
with reduction gear and propellers, being placed on the wings. 
When this development matures, the aircraft gas turbine will 
evolve unfettered: then, intercooling, regeneration, and reheat 
will probably find their place also in the aircraft machine, as will 
the large-diameter radial compressor and turbine. Until then, 
however, and as long as aircraft-engine design is dictated and 
financed by the military, the classical small-frontal-area engine 
will continue to prevail. 

Component Design. 
eraft practice are the combined axial and centrifugal compressor 
in the Bristol Proteus turboprop, shown in Fig. 1, which will be 
used in a large series of Bristol Britannia airliners, and the two- 
stage centrifugal compressor in the Rolls Royce Dart turboprop, 
Fig. 2, a relatively old but very reliable machine, the first aircraft 
gas turbine ever to have carried paying passengers. The old 
contest between centrifugal and axial compressor appears to 
turn in favor of the axial, which equips all known new prototypes. 
It must be noted, however, that there are many more jet engines 
in operation with radial compressors than with axials; the jet 
used on the Russian MIG 15 has a radial compressor, as have 
other types derived from the Rolls Royee Nene, such as the Pratt 
and Whitney. The centrifugal compressor is more reliable, 
sturdier, lighter, and much easier to manufacture than the axial 
which 


The only departures from nornal air- 


These advantages are outweighed by two defects are 
particularly bad for very fast military aircraft—-a large frontal 
area and the inability to give a high pressure ratio. That is why 
the axial compressor prevails. 

Aireraft axial compressors must give first of all a large flow per 
unit frontal area; this is necessary not only to obtain high specific 
thrust but also because, at high altitudes, the air density is very 
low. This leads to very long blades and very high axial veloci- 
ties. The ratio between hub and tip diameter in the low-pres- 
sure stages of aircraft compressors can be as low as 0.4. as against 
about 0.7 for other types. These very long blades require not 
only special design to resist stress due to centrifugal foree and 
vibrations, but also special blading diagrams. Free-vortex 
variation of the tangential absolute-velocity components along 
the radius becomes impractical for radius ratios smaller than 


0.66; the modern large jet compressor bladings are of the solid 
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rotation or similar types, in which the tangential components of 
the absolute velocities are proportional to a positive power of the 
radius, instead of being inversely proportional to it, as in the 
free-vortex type. 
variable axial velocity along the radius. 

Compressor blading is discussed in references (1, 2, 3).2 The 
mean axial velocity goes up to 700 fps, as against 450 fps for 
other compressors, and so efficiency is reduced. 


To obtain radial equilibrium, this requires 


To decrease the 
number of stages, very high peripheral velocities are used; conse- 
quently, the first stages work at very high Mach numbers, near 
or above 1. This is not as bad as it might seem because, if the 
compressor is designed for operational altitude conditions, then 
at any lower altitude the warm air gives a higher velocity of 
sound and a lower Mach number. Special thin transonic blade 
profiles are used to reduce the efficiency loss. Solid rotation or 
similar blades are generally not tapered; the chord is as wide at 
the tip as at the hub; this, combined with the great blade length 
and the high Mach number, enhances the danger of self-induced 
blade vibration, which has caused lots of trouble in the develop- 
ment of very large compressors (4, 5). The blade-vibration 
problem is particularly serious in turboprop engines, where pro- 
peller and reduction gear are a source of externally induced vibra- 
tion. Blade vibration has been the main cause of the slow or 
arrested development of several large turboprops; small turbo- 
props are much less sensitive to vibration, hence the trend 
toward double turboprops (two coupled small turbines), such as 
the double Allison and the double Armstrong-Siddeley Mamba. 

To reduce the number of compressor stages, very high aero- 
dynamic lift coefficients are used in axial jet compressors; the 
profiles and the polars used are secret, but it can be safely assumed 
that values of cy, of 0.9 and perhaps even higher are permissible, 
as against 0.7 which many of the manufacturers still consider 
maximum for good efficiency. 
cause the pressure-flow characteristic curve to fall sharply. 
This is particularly unfortunate in aircraft compressors, where the 
usual difficulties in matching compressor and turbine are en- 
hanced by the variation of density and temperature with altitude. 
As maximum power is required both for take-off (low altitude) 
and for combat (high altitude), in practice the engine is run in 
both cases at the maximum safe turbine-inlet temperature, so 
that compression, temperature, and air-fuel ratios are quite dif- 
ferent in the two cases. 

Axial compressors now in operational use have pressure ratios 
varying from about 4 for centrifugal types to about 6 for axial 


These high aerodynamic loads 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Dart Turnoprop (Courtesy of Flight 
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al 
types. The urgent need for improved fuel consumption makes 
the use of much higher pressure ratios imperative for jet engines, 
From this point of view, a clear distinction must be made between 
turbojets and turboprops. 
the turboprop behaves like any other gas turbine; the best way 
to increase efficiency and power output is to raise the turbine- 
inlet temperature. Contrary to a very widespread opinion, the 
pressure ratio for some turboprops and for nonaviation gas 
turbines is chosen not at the point of maximum efficiency but at, 
or near, the point of maximum work, that is, of minimum air-rate. 
The reasons for this will be discussed later. 

The thermodynamics of the turbojet engine are completely 
different. As was first shown by Professor Ackeret (6), the ther- 
mal efficiency of a jet engine, for a given aircraft speed and other 


As regards thermodynamic cycle, 


conditions, does not increase with the turbine-inlet temperature; it 
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reaches # maximum at a relatively very low inlet temperature 
and then falls gradually, as shown in Fig. 3. Owing to the fact 
that the specific thrust does increase rapidly with temperature, 
modern jets operate at temperatures considerably above the 
maximum efficiency value. While temperature increases do not 
improve the efficiency and fuel consumption of jets, pressure 
ratio increases do, to a much greater extent than in turboprops 
or other gas turbines. The variation of efficiency versus pres- 
sure ratio for equal conditions is shown in Fig. 4. This is not the 
place to discuss more fully jet-cycle properties; reference (7) 
gives briefly but clearly the influence of temperature and other 
factors on turbojet and turboprop performance. The recent 
trend toward very high pressure ratios becomes understandable 
because lower fuel consumption is essential both in military and 
commercial jet engines to increase the aircraft range. Modern 
axial-compressor jets nearly ready for wide operational use have 
ratios between 6 and 8; but the newest models under design study 
have much higher ratios, reputedly up to 24. 

Design and development of an axial compressor for such high 
ratios under aviation conditions (that is, a single machine with no 
intercooling) is a difficult problem indeed. The great density 
difference gives very long blades in the first stages, very short 
ones in the last. ‘To avoid this, the stage diameter can be tapered 
down, but then the peripheral velocity in the last stages decreases, 
increasing the already excessive number of stages. Too many 
stages render flow conditions at the high-pressure end very bad, 
causing loss of efficiency and making the characteristic curves 
very steep. The temperature in the last stages exceeds the safe 
limits for aluminum. All this makes the development of a single 
compressor for very high ratios an almost impossible task. In 
industrial turbines, the problem can be solved easily by using two 
or three separate compressors in series, with intercooling; but 
this is ruled out under aireraft conditions by reasons of space 
and weight. 

Two ways can be followed to solve the problem. One is 
to use a supersonic compressor, in which the pressure ratio per 
stage is very high (up to 6 in theory, perhaps up to 4 in practice). 
Much classified work is being done on this subject both in the 
United States and in Europe. In the United States the trend 
is toward getting as high a ratio per stage as possible; the diffi- 
culty is that a shock-wave diffuser works only at the exact design 
conditions, so that these compressors function only at a definite 


point and not along a characteristic curve; they are very far 
from practical use. In Europe the supersonic compressor is 
evolved from another angle; slightly supersonic stages are used, 
giving relatively low ratios per stage, about 1.5. This type is 
much less sensitive to changes in conditions, and some satisfactory 
results apparently have been obtained, both as regards efficiency 
and shape of the characteristic curve. Their development is 
not easy, because at Mach number 1 there is always trouble. 
Special blading diagrams and profiles must be studied, to give 
constant Mach number along the radius, while in ordinary com- 
pressors the Mach number decreases from tip to hub. 

The other way of solving the problem of the high-compression 
axial is to use the so-called “spool” arrangement; two coaxial 
compressors turn at different speeds driven by two turbines, the 
high-pressure compressor being driven by the high-pressure tur- 
bine through a hollow shaft, the low-pressure compressor by the 
low-pressure turbine by means of a thin shaft running inside the 
hollow shaft. In this way the high-pressure compressor can 
have a small diameter and, consequently, longer blades, and yet 
run at very high peripheral speed. No Mach-number trouble 
need be feared there as the air is hot. Also, owing to the fact 
that the two sets can run at variable-speed ratio, a much flatter 
characteristic curve and much easier matching are obtained. 
This is a very useful virtue which actually prompted the spool 
development. It was first used very successfully, but in a 
slightly different form, in the now abandoned Rolls Royce Clyde 
turboprop. 

Many jet manufacturers are now experimenting with the spool 
arrangement, which is the coming thing in jets; one accepted 
British type, built under license in the United States, already 
has it. The spool type works satisfactorily for moderately high 
ratios, up to 12 and higher; much work is still needed to obtain 
higher ratios. The reduction in number of stages, compared 
with an ordinary compressor, is considerable; it becomes even 
greater if the blading diagram of each compressor half is changed 
from stage to stage, increasing the degree of reaction toward 
the high pressure end (3). The two units can be made counter- 
rotating, to counterbalance the gyroscopic effect. 

Turbine Design. In aireraft power plants, the turbine prob- 
lem is less acute than that of the compressor, and the departures 
from standard practice are few. The typical jet turbine is used, 
with a very low degree of reaction at the hub (about 0.1) and free- 
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vortex distribution along the radius. The mean degree of reac- 
tion varies with the radius ratio and is often about 0.4. The 
fact that there is some reaction along the whole blade and, conse- 
quently, an accelerated flow, insures high efficiency. This 
New engines 
with very high compression ratios inevitably must use several] 


arrangement gives a very high power per stage. 
stages, with or without the spool arrangement. The new high- 
powered engines have very long blades and vibration trouble 
In jets, the trend is toward lower tempera- 
tures, to improve fuel consumption; in turboprops, toward very 
high temperatures, up to 3000 F. 
ever, the high-temperature aspect is covered in a companion 
paper (paper No. 52—F-1B). ° 

Other military aircraft components, such as combustors, 
variable jet nozzles, supersonic intakes, afterburning, and water 
injection are special subjects and cannot be discussed here 


can be expected. 


As already mentioned, how- 
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Figs. 5 and 6 show how various factors influence gas-turbine 
performance, These curves are only correct. for the conditions 
given on each curve. Performance is influenced by many factors 
in different ways, so these curves should be considered as showing 


general trends only. 


Thermal efficiency and air rate are 
extremely sensitive to variations in ambient temperature, as 


If in a given installation a minimum power out 


Ambient Temperature 


shown in Fig. 6. 


put is guaranteed, the engine must be rated at the highest ambient 


temperature likely to be met. For instance, the 1000-kw marine 
gas turbogenerator set built by W. H. Allen and Sons is rated for 
In the United States the general indus- 
trial and marine practice is to use a standard temperature of 
80 F 


tropical temperatures, 


In kurope the usual temperatures are 15 C or 20.C. In 
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making comparisons between different plants, corrections must 
be made for inlet temperature. 

It is possible to get extra power from gas turbines by reducing 
the inlet-air temperature. This is done in a 3500-kw General 
Electric unit, installed at the Belle Isle Station of the Oklahoma 
Gas and Electric Company, in which precooling is used; up to 
May 1, 1952, the average load has been about 4500 kw, that is, 
nearly 28 per cent above rated power, in about 21,000 hr of opera- 
tion. The unit cost of power and the specific weight of the power 
plant both decrease for lower ambient temperature, provided 
the plant is designed to carry the excess power. 

The extra power at low inlet temperature is obtained with no 
increase in turbine-inlet temperature. Conversely, if no increase 
in load is desired at low inlet conditions, the turbine inlet tem- 
perature ean be reduced and the life of the plant is increased, 
Consequently, the gas turbine is ideal for applications which 
require more power during cold weather, such as gas pipe-line 
pumping units, and for base-load power stations designed to 
supplement hydroelectric plants during the winter months, such 
as Beznau, Weinfelden, and Dundee. The Brown Boveri loco- 
motive provides the considerable amount of current required 
for electrically heating the train without decrease of power or 
increase in fuel consumption over summer conditions. — 0 


The cycle pressure ratios are optimum for each case; they are shown on the curves after the temperature.) 


Component Efficiency. The best way to increase gas-turbine 
efficiency is to improve the efficiency of the three major com- 
ponents, turbine, compressor, and combustor. This is the only 
means of increasing efficiency without affecting the life and 
simplicity of the unit. The axial-flow compressor efficiency has 
risen by about 10 percentage points since 1937, and is now increas- 
ing at the rate of half a percentage point per year. Progress will 
slow down before reaching the maximum feasible value of about 
93 per cent (8). 

Turbine efficiencies have advanced about 4 percentage points 
since 1943 (8). They reach now 90 per cent, and 86 per cent is 
not unusual. Higher values can be expected as a result of future 
developments. In any case, turbine efficiencies should be from 
1 to 3 percentage points higher than axial-compressor effi- 
ciencies, because boundary-layer conditions are better in an 
accelerated flow (turbine) than in a decelerated flow (compressor). 
Turbine efficiency is lower when, for reasons of economy or com- 
pactness a low number of turbine stages is used. European 
industrial units generally use more turbine stages than comparable 
American machines, and are more efficient but more expensive. 
Aircraft turbines can be quite efficient with few stages (generally 
one or two in jets, twe to four in turboprops) because the high 
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exit velocity, which would cause a considerabie leaving loss in 
other types, is integrally utilized for jet propulsion. 

The open-cycle 
efficiency of 98 per cent or higher, at least in large plants where 
Where space 
is at a premium and the combustors are too compact, such as in 


as turbine now normally has a combustion 
there is room for well-proportioned combustors. 


aircraft and smal] gas turbines, combusticn efficiency is lower, 
down to 95 percent. In closed-cycle gas turbines, the air-heater 
efficiency, which corresponds in cycle calculations to the open- 
cycle combustor efficiency, is about 92 per cent (9, 10, 11); 
there is not much room for improvement. 
turbine uses heat through a primary heat exchanger, such as in 
the British waste-heat unit or in atomic plants, then the primary 
heat-exchanger efficiency takes the place of combustor or air- 
heater efficiency. In this case the closed cycle is better; the 
primary heat exchanger is smaller and more efficient owing to 
better heat transmission due to high air pressure. 


However, if a gas 


Component efficiencies are also influenced by the type of com- 
The advantages and limitations of 
axial and radial turbomachines are well known. At present, 
the axial compressor is more eflicient than the centrifugal for 
large plants, though the best centrifugals are nearly as good as the 
best axials; there is every reason to believe that the future top 
limit will be the same for both types. As regards turbines, 
there are at present no experimental! data on large radials; small 
radials have proved more efficient than small axials. Radial turbo- 
machines give a flatter characteristic curve, very useful in plants 
working at variable speed or altitude so that the components 
tend to be mismatched. They are more rugged, cheaper, and 
easier to produce. On the other hand, they cannot deal with the 
flow of very large volumes of gas, so that they are unsuitable for 
the lower stages of large machines. Radials have a large diame- 
ter and a short length; axials a considerable length and small 
diameter. Axial compressors are expensive and difficult to 
manufacture owing to the large number of blades, which must 
be twisted for high efficiency; axial-compressor blade production 
constitutes a serious bottleneck in jet-engine production. For 
large machines, an interesting combination is the use of axial 
compressors for the low-pressure side and centrifugals for the 
high-pressure side, either in the form of separate machines, as 
in the Escher-Wyss St. Denis plant, Fig. 12, or as the last stage 


pressor or turbine chosen. 


of a single machine, as in the English Electric locomotive unit, 
Fig. 8. 

Axial compressors present two special difficulties. One is dust 
and dirt deposits on the blades, which can be cured by suitable 
air cleaners, as has been done in the Brown Boveri plant. The 
other, much more serious, is vibration in the long blades of large 
compressors. This has already been discussed as regards air- 
craft machines (4, 5); it has recently caused serious trouble in 
industrial compressors too; experimental and theoretical proof 
has been given that this type of vibration is self-induced. When 
this trouble arises, and it is very capricious, the only cure is to 
lash the blades with wire, with a bad drop in efficiency. The 
long-range cure, on which much work is being done, will probably 
consist in changes in blade profile to take into account rigidity 
as well as aerodynamic properties. 

Pressure Ratio. The choice of a suitable pressure ratio is of 
paramount importance for the success of a gas turbine and is 
governed by many factors. Ambient temperature, turbine-inlet 
temperature, component efficiency and design, type and arrange- 
ment of cycle all affect the best pressure ratio, which consequently 
varies from case to case. 
cycle, thermal efficiency reaches a maximum at a relatively high 
pressure ratio, for usual temperatures and component efficiencies 


Fig. 5 shows clearly that for a simple 


Ilowever, as already stated, and contrary to a widespread opinion, 


the pressure ratios used in practice are much lower than the maxi- 


° 


mum efficiency values; they are generally at or near the minimum 
air-rate point, that is, the maximum specific work point. This 
choice is due to two reasons: 

(a) for ordinary conditions, the air-rate curve rises sharply 
for compression ratios higher than the minimum air-rate point, 
while the efficiency curve is very flat between points of minimum 
air rate and of maximum efficiency; consequently, choosing the 
minimum air-rate value implies a small loss in efficiency but a 
considerable gain in size, weight, and cost. (b) Compressor 
losses, size, and weight increase with increasing compression 
ratios. A large pressure-ratio increase to gain a few per cent 
in efficiency is largely self-defeating, because the pressure increase 
brings about a lower component efficiency and consequently a 
lower thermal efficiency. This can be seen clearly in Fig. 5. 

In the regenerative cycle, efficiency actually increases with a 
decrease of pressure ratio, reaching a maximum at very low values, 
while the air-rate minimum is about at the same point as in the 
simple eyele, Figs. 5 and 6. With the development of the com- 
pact lightweight rotary regenerator (see later) which is suited only 
to low pressure ratios, new possibilities open to the transport 
and automotive turbine. As the work ratio (useful power/gross 
power) increases sharply with a decrease of pressure ratio, the 
combination of a low-pressure cycle, with single-stage centrifugal, 
and a rotary regenerator gives a very light, compact, and simple 
machine with fuel consumption comparable to that of automotive 
Diesel engines. The properties of the complex cycle, with re- 
generation, reheat, and intercooling, are similar to those of the 
regenerative cycle, Figs. 5 and 6. 

In conclusion, very high pressure ratios are not necessary 
except when high turbine-inlet temperatures are used. The 
only type of gas turbine where really high ratios would be really 
useful if they could be obtained is the turbojet engine, as already 
seen, Fig. 1. 

Regeneration. The use of a regenerator allows considerable 
gain in thermal efficiency; this depends on the pressure ratio, the 
A very effec- 
tive regenerator with too high a ratio gives smaller gains than a 
less effective one with the right ratio. Using the same basic 
machine with or without regenerator, as is done in some United 
States industrial turbines, does not lead to best results; the pres- 


regenerator eflectiveness, and the pressure losses. 


sure ratio should be adapted carefully to the regenerator em- 
ployed. Intereooling and reheat combined with regeneration 
add their advantages and cancel out their defects, allowing the 
A regenerator has the sole effect of reducing 
fuel consumption, that is, of increasing thermal efficiency; it 
does not improve specific output; on the contrary, due to pressure 
losses, it decreases it, sometimes considerably. Regenerators 
are discussed in references (9, 10, 12, 13, 14, 15, 16, 17, 18). 
Regenerators are essential to the closed-cycle gas turbines; the 
fluid must start the cycle again at the same inlet temperature 
and the only reasonable means of subtracting heat from it is a 


best performance. 


regenerator, 

The main types of regenerator are (a) tubular, (b) extended 
surface, (c) rotary; they are listed in order of decreasing weight 
an! bulk. The first two types are well-known in the United 
States. The developmert of the rotary regenerator has taken 
place primarily in England. Developed originally in Sweden 
for boilers, its use in gas turbines was proposed by Professor 
Ritz of Gottingen about 10 years age. After the war, the 
National Gas Turbine Establishment and some private British 
firms (Shell, Pametrada) took up the development; NGTE 
built three units (18). The rotary regenerator, which has a 
very high effectiveness and very small size and weight, present 
serious problems as regards leakage. If there is considerable 
leakage of high-pressure air into the exhaust, any advantage 
resulting from regeneration will be lost owing to the increase 
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in compression work, Some leakage is inevitable, as high-density 
air and low-density exhaust alternate in the same regenerator 
cells. This loss increases with the pressure ratio and renders the 
prospects of the rotary regenerator for high pressure cycles rather 
dim. 

The seal between rotary and stationary parts is another source 
of leakage, which also increases with the pressure ratio, but can 
be reduced by ingenuity in design and improvements in materials. 
A very complete study of the problem is given in (18). The 
rotary regenerator »robably will find its earliest applications 
in small turbines with low compression ratios, lower than 4; 
even within these limits, it might greatly improve the chances of 
the gas turbine in the transport field. It has already been pointed 
out that a low compression ratio increases the cycle efficiency if an 
effective regenerator of suitable size is used. Work on rotary 
regenerators is actively pursued in England and the United 
States. 

Intercooling. 
siderably the specific work but gives little or no increase in effi- 
ciency. When used with regeneration, it gives excellent results, 
as the virtues are enhanced and the defects cancel out. The 
use of intercoolers, when water and space are available, has con- 
siderable indirect advantages. When high pressure ratios are 
obtained with axial compressors, intercooling has the unexpected 
effect of increasing the component efficiency of the compressor. 
This is due to the fact that if an axial compressor has too many 
stages, flow and boundary-layer conditions become very bad and 
efficiency drops. Intercooling, which requires the use of several 
units, each with few stages and with the flow slowed down 
and reaccelerated, allows a considerable gain in compressor 


Intercooling, when used alone, improves con- 


efficiency. 

Another 
humidity 
trapped and separated, sometimes with marked effect on tur- 


that 
in the air condenses in the intercoolers and can be 


indirect advantage of intercooling is excess 


bine-blade deposits and corrosion. Precooling is, in general, 
desirable only for higher ambient temperatures, unless the excess 
power made available by precooling can be exploited effectively. 
Precooling requires a supply of water well below the ambient 
the wider the difference, the more attractive pre- 
The General Electric precooled plant in Okla- 


temperature 
cooling becomes. 
homa has already been discussed; the investment of about $75,000 
in a precooling system has paid handsome dividends, 

Precooling is an essential part of the closed cycle. The fluid, 
exhausting from the turbine at high temperature, must be brought 
back to the compressor inlet at the original temperature; most 
of the heat is extracted by the regenerator, but the rest must be 
eliminated in the precooler. Precooling, and also intercooling, 
could be effected by an absorption refrigeration system utilizing 
the gas turbine-exhaust heat. Long-range development work 
is being done in the United States on this problem. 

Reheat. Reheat is without intercooling, and 
generally regeneration is also added. The three features as 
already pointed out, have complementary advantages. Inter- 
cooling and reheat substantially increase the temperature dif- 
ferential between turbine exhaust and compressor outlet that can 
be utilized in the regenerator, For a given regenerator size, 
the efficiency gain obtained becomes very considerable if either 
or both are used. Reheat, and to a lesser degree, intercooling, 
considerably decrease the air rate, and thus more than compen- 
sate the air-rate increase due to pressure drop in the regenera- 
tor, and reduce the size of the regenerator and of the whole unit. 

Reheat is costly, because it normally requires expensive high- 
temperature blades, rotors, pipes, and volutes in each of the 
turbines. Consequently, reheat is interesting in low-tem- 
perature gas turbines, working at no more than 1000 F, such as 
atomic turbines or those utilizing waste heat. In this case no 


never used 


expensive metals are needed, while the increase in efficiency and 


reduction in air rate is particularly valuable in a low-temperature 
cycle. In turbines of this type, which are often of the closed-cycle 
type, and in closed-cycle units in general, reheat becomes 
simple, as only one air heater or primary heat exchanger is needed, 
with separate tube circuits for the different reheat pressures. 
Experience has recently shown, however, that the correct propor- 
tion between high-pressure and low-pressure tubes is not easily 
found by calculation, and so there are difficulties in reaching the 
right temperatures. Provision must be made in new designs to 
allow for easily adjustable changes in tube distribution. 

Although only one stage of reheat has been used up to now, 
theoretical studies show that multiple reheat stages are advan- 
tageous for large high-efficiency atomic turbines (19). As a 
matter of expediency, the first atomic submarine apparently 
will be powered by a steam plant; but the atomic gas turbine 
seems to present advantages over steam, and is, of course, for 
aircraft applications. The British already have studied, and 
perhaps built, an atomic gas turbine for power generation at 
Harwell. 

Regulation. ‘The curves in Figs. 5 and 6 are drawn for full 
load conditions, but they can be used to study what happens at 
part load. In constant-speed single-shaft open-cycle units, the 
only practical way to decrease load is to reduce the turbine-inlet 
temperature, which entails a considerable drop in efficiency 
If a separate power turbine is used, there is greater latitude, as 
the pressure ratio can be varied by changing the compressor- 
Even better flexibility and part-load 
The gain 


driving turbine speed. 
efficiency is obtained in multiple-shaft reheat cycles. 
given by a regenerator at part load must be examined for each 
single case; it is often greater than at full load. From the point 
of view of part-load performance, the closed cycle is unsurpassed, 
as it gives in theory a constant efficiency at all loads. The 
actual efficiency decrease with falling load is very small (from 
30.5 per cent at full load to 29.5 per cent at half load in the 
Escher-Wyss 2000-kw experimental turbine) as shown in ref- 
erence (11), and is due to the increased importance of mechanical 
losses with decreasing load. 

The problem of gas-turbine regulation is quite complex and 
will become very serious when large gas-turbine power stations 
come into general use. In open-cycle gas turbines, particularly 
if a heat exchanger is used, the thermal inertia of the system is 
tremendous. If a sudden change of load occurs, the machine 
needs time to follow it. If the load decreases, it is possible to 
blowout or by-pass some of the fluid, but no such simple solution 
exists for a load increase. Reheat improves the situation, and 
an answer to the problem will be found, even at the cost of added 
complication. Some of the large gas turbines now used for 
power generation are not able to follow the sudden load changes 
required by the net. They work on a time table, leaving peak- 
load changes to other stations. Closed-cycle turbines are regu- 
lated by changing the density of the fluid in the system and leav- 
ing the temperatures constant. If there are reserve pressure 
tanks, such as are used in the 12,500-kw St. Denis and in the 2000- 
kw experimental Escher-Wyss plant, but not in Dundee, any 
load variation in either direction can be followed immediately, 
as energy is stored in the reserve tanks. But, if wide-amplitude 
load variations are frequent, the closed cycle is not suitable, 
because filling the reserve tanks represents a pure loss, prohibitive 
if too frequent; also, the reserve tanks and piston compressors 
become very bulky and costly. 

One of the advantages of well-designed open-cycle units is the 
very short time required to obtain full power from a cold start. 
Aircraft gas turbines can get to take-off overload almost instantly. 
Even large industrial sets, such as the Brown Boveri Beznau and 
Filaret units, can reach full load in an extremely short time, less 


i 
‘ 
A 


than 20 min. In many this represents a great 
advantage over steam 

Turbine-I nlet 
efficiencies, there raise the 


efficiency while reducing weight and bulk; 


applications, 


Beside 


way to 


increasing 
full-load plant 
it consists In raising 


Temperature. component 


is another 


with a corresponding increase in 
The effect is very marked, as can be seen from 
If blade and rotor cooling is not used, metallurgical 


the turbine-inlet temperature, 
pressure ratio 
Figs. 5 and 6 
considerations set a limit to the maximum allowable temperature. 
As a result of fatigue and creep, this temperature depends on 
the life expected of the machine. Short-life units, such as air- 
craft engines, or those which run at full power and temperature 
only occasionally, can run at higher temperatures than industrial 
plants designed for continuous full-power use. There 
no significant increase in maximum temperature in 
built in the last few years. For nonaviation machines, 
temperatures vary from 1100 to 1550 F; 
run at considerably higher temperatures than European machines, 


has been 
machines 
these 
United States turbines 


and the highest values are used on small units. 

Higher temperatures than those now in use depend on turbine 
cooling, on which much work goes on everywhere, but which is 
not quite for practical use. Unfortunately, 
turbine-cooling work is done for aircraft where the 
problem is simpler because pure expensive fuels are used and no 
The use of high temperatures in those 
industrial or marine units which must rely on cheap fuels is much 


yet ready most 


engines, 


corrosion is to be feared. 


more difficult. Even at 1300 F, deposits and blade corrosion 
present very senous problems. Although considerable work 
has been done on additives and fuel purification, the integral 


solution probably will be given by blade-cooling systems in 
which the blade surface is insulated from the stream of combus- 
for instance, boundary-layer cooling and especially 
swext cooling. Further details on high temperature and fuels 
can be found in a companion paper (No, 52-—F-F1B).? 
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turbine has not 
changed much in recent years; it varies from country to country 
The two largest United States firms, General Electric and West- 
inghouse, retain their simple arrangement, clearly inspired by 
their aviation experience. The latest 5000-hp GE type is shown 
in Fig. 7 and described in reference (20). 


General Arrangement. Industrial layout 


A single axial compres- 
sor, without intereooling, is followed by multiple can-type com 
turbine 
compressor through a long shaft, 


bustors: then comes the first stage, which drives th: 


and the second, independent 


but coaxial, power-turbine stage 


Although the compressor has 


AF 
ries 
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14 stages and the pressure ratio is 5.5, only two turbine stages 
are used. Component efficiency is relatively low and the tur- 
bine-inlet temperature high, 1450 F; the thermal efficiency is 
modest. 
The new 
follows the 
consequently, the 
directly after the compressor, are not fed from it but from the 
This layout, 
shorter combustors than necessary, 


Westinghouse industrial turbine, of similar power, 
pattern. Both 


multiple-can 


machines use 
although placed 


same a regenerator; 


combustors, 
regenerator. which gives a longer machine and 
is justified if the machines 
are meant to be used also without regeneration, in which case 
the arrangement becomes very simple and pressure losses are 
best results, the 
sure ratio should be varied when the regenerator is dropped, and 
done in the GE 
and light, 
ture makes them particularly suitable for gas-purmping stations, 
The GE industrial turbines have been amazingly 
very many units have been sold in the last year. 
Swiss gas turbines follow their usual practice. Single well- 
proportioned separate combustors are used and, when particu- 


reduced to a minimum. However, for pres- 


this cannot be and Westinghouse machines, 


These are simple and the high turbine-inlet tempera- 


successful; 


larly high efficiency is required, intercooling, regeneration, and 
often, reheat are used in multishaft arrangement. The com- 
ponent efficiency is high, the turbine-inlet temperature low, 1200 


to 1300 F, 
correspondingly higher. intermediate 
tween that of the United Many 
interesting British industrial gas turbines are being tested or near 
very 


the thermal efficiency very high; weight and bulk are 
British 


States 


practice ts be- 


and of Switzerland 
interesting Inyout is used in the binglish 
Hlectric unit Fig. The 
part of the 20,000-kw English Eleetrie machine follows «a simiber 
design. ‘Turbine 
horizontally, 
of a series of cylindrical or axisymmetrical pieces, joined to- 


completion. 


locomotive shown in high-pressure 


and compressor main casings are not split 


as is usual in industrial machines, but are composed 
gether axially by means of spigoted flanges; each piece is rela- 
tively short and, of course, not split horizontally. Assembly and 
inspection become less easy, but the layout is justified in a ma- 
chine subjected to high temperature and temperature variations, 
while horizontally split 
casings can give rise to unequal expansion and high thermal 
The English Electric 
provides for turbine-rotor cooling by means of compressor sir, 


Axisymmetrical pieces expand evenly, 


stresses arrangement is also lighter and 
Other British firms apparently are working along similar lines. 

when a centrifugal compressor and an axial 
follow the 
annular combustion chamber, as in the 


Small turbines, 


turbine are used, aircraft: layout with either a single 


ean combustor or an 
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FUEL NOZZLE,ROTATING 


WITH SHAFT TURPINE 


COMPRESSOR 


hic. 9 Scuematic ARRANGEMENT OF TURBOMECA COMBUSTOR 


Turbomeca unit, Fig. 9. The utmost simplicity is reached when 
both turbine and compressor are radial, as in the small Solar 
unit, Fig. 10. This 45-hp gas turbine drives a fire pump and can 
be carried and started by hand (21). It has proved extremely 
successful and arrangements are being made to build it in quan- 
tity production. 

Silencing. Some of the early gas turbines were very noisy. 
However, experience has proved that if proper care is taken, 
noise jis no problem in gas turbines. The major sources of noise 
are the compressor, combustion chambers, reduction gear, 
Usually the compressor gives the most objectionable 


and 
exhaust. 
noise, but it can be suppressed by lining the inlet duct with some 
absorbent material. The air casing discussed in reference (22) 
reduces effectively all noise from the other components. In 
some cases, particularly for automotive or marine units, a silencer 
is the best solution. The U. 8. Naval Engineering Experiment 
Station at Annapolis has designed and tested a light and compact 


muffler which causes no loss in engine power or efficiency; the 


Evecrric Gian Tu RBINE 


noise 
The gas turbine, unlike the internal-combustion engine, produces 


CUTAWAY VIEW OF TURBINE ASSEMBLY 


big. 10) Curaway View or 45-Hpe Gas Turpsine 


reduction for the operating crew is about 40 per cent. 


no noise due to engine vibration. 


In existing gas-turbine installations, the noise problem is 
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The author can personally testify to the quietness 
of operation of the British MTB 5559 and also of the Rover 
turbine-powered motor launch. 
the noise level is substantially the same as in a steam plant. 
If a reduction gear is fitted between power turbine and generator, 
as in the 13,000-kw Brown Boveri set in Beznau, the predominant 
However, axial compressors give a 


not serious. 


In large central-station plants, 


noise is caused by the gear. 
very high-pitched hum or whistle which travels through the air 
intake. At Beznau, this compressor whistle, while completely 
inaudible inside the engine room, originally was quite noticeable 
outside the building, though the noise level was not disturbing 
The installation of an air-cleaning chamber, made to prevent dust 
deposits on the compressor blades, reduced this whistle to the 
vanishing point. The General Electric 5000-hp unit in Fig. 7 
will be fitted with a compressor-inlet silencer which is expected 
to reduce the compressor noise level from 100 to about 85 decibels 
(20). 

Compressors. Large axial compressors show no particular 
new design features. Aerodynamic loadings, peripheral speeds, 
and Mach numbers are relatively low. In this way, high effi- 
ciency is obtained at the price of a greater number of stages. In 
large machines, self-induced vibration, already discussed (5), 
have caused a lot of trouble. At least one European firm is 
changing its compressor-blade design not in order to improve 
efficiency but to obtain a blade shape inherently less prone to 
vibration. Although small axial are considered 
inefficient, good results have been obtained, as in the Solar 250-kw 
auxiliary power-generation set (23). 

Centrifugal compressors are more than holding their own in 
industrial use, even for large machines. The most efficient type 
remains the well-known Oerlikon multiple-spiral compressor, 
applied to Oerlikon gas turbines and also to two B.T.H. units 
installed in Nairobi. This installation is experimental; ordinary 
B.T.H. gas turbines have axial compressors. An Oerlikon com- 
In its latest form, on the Bone 
turbine, this compressor has three stages in a single housing 
without intercooling; the pressure ratio is 3.45 the efficiency 
85 per cent. A very interesting solution is the combination of a 
last centrifugal stage and several axial stages, as in the [:nglish 
L-lectric locomotive unit in Fig. 8. This design is similar to that 
of the Bristol Proteus turboprop, Fig. 1. Centrifugal compressors 
are particularly suitable for the high-pressure end of multiple 
compressors, because the air density is high and the flow areas 


ag 


compressors 


pressor is shown in Fig. 11. 


better adapted. A very interesting example is given by the 
12,500-kw Escher-Wyss closed eycle unit in St. Denis. The low- 
and medium-pressure compressors are axial, while the high pres- 
sure is given by four centrifugal stages in a single housing (9). 
Fig. 12 shows the medium- and high-pressure compressors open. 
They run on the same shaft. Other recent Escher-Wyss designs 
for smaller machines employ 

A remarkable type of centrifugal compressor is the rotating- 
diffuser compressor, the theory of which is given in reference (24), 


centrifugal compressors only. 


In this type of machine, the diffuser rotates in the same direction 


as the rotor, either as a power turbine or freely. For a given 


peripheral speed of the compressor rotor, the more power is 
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taken out of the diffuser, the smaller the pressure ratio. liven 
if the air leaving the rotor has a supersonic speed, it strikes the 
diffuser blades with a subsonic relative velocity, thus reducing 
shock losses considerably; also, the air in the diffuser spends 
its kinetic energy producing mechanical work at high efficiency, 
instead of being decelerated into pressure at low efficiency. 
Consequently, even small machines give efficiencies of 85 per 
cent and over This type of compressor, originally patented by 
Heppner (25), was reinvented and developed independently by 
the Swiss firm Saurer of Arbon several years later. A number 
of United States firms are working on this type of compressor 
with either free or power-developing diffusers, 

Fig. 13 shows a gas turbine with rotating-diffuser compressor 
as described by Heppner in his original 1939 patent (25). Sauret 
has under test a small unit. The rotating-diffuser gas turbine is 
tricky to calculate and design and can give unpleasant surprises 
to the unwary. However, it might find interesting applications 
for traction engines. ‘Torque characteristics are good as, when 
power shaft and diffuser slow down, the pressure ratio automati- 
This type of gas turbine is naturally suited to 


the rotary regenerator, because the low pressure ratio given by 


cally increases, 
the compressor reduces the regenerator leakage loss. Considera- 
ble improvements and changes can be expected in the rotary- 
diffuser machine as a consequence of the work now being done. 

Turbines. There are few novelties in axial turbines, except 
the 5000-hp Gio unit (20) in which the second (power) turbine- 
stage stator nozzles are mounted on pivots and can be swiveled, 
thus giving « variable-nozzle area; thearrangement canbe clearly 
seen in Fig. 7. This device is complicated, the nozzle pivote 
are disposed radially, their actuation is not easy, and they must 
be water-cooled. However, there are considerable advantages, 
especially as regards regulation at variable speeds and loads. 
The part-load efficiency and flexibility are considerably improved, 

Radial turbines recently have obtained wide diffusion in small 


units; they are simple and cheap to make, and remarkably 


Heppner Gas Tursine Rotary-Dirruser Compressor, 1939 Patent 


the small 
shown in Fig. 10 (21), gives 78 per cent efficiency, while the much 
larger 250-kw Solar axial turbine (23) gives 79 per cent. 
small radial turbines have either the form of inverted centrifugal 
compressors, as in the Solar unit, or they have real turbine blades 


efficient. For instance, 15-hp Solar radial turbine 


These 


cast integrally with the rotor, as in the AiResearch turbine in 
Fig. 14 (26). In radial turbines, the gas flow is almost truly 
two-dimensional, There are only tangential and radial compo- 
nents and, even in high-efficiency machines, there is no need to 
twist the blades. Rotor and blades can be cast in one piece 
without using the lost-wax method. ‘Turbines of this type have 
run at 1400 F and 1400 fps peripheral speed for several hundred 
hours (24). 

Although no large radial turbines are known to have been 
built, they have great possibilities, even in the form of multi- 
stage turbines with rotor and several stages of blades cast integ- 
rally (24). 
swiveling stator nozzles, to give improved part-load performance 
(26). 
and several promising solutions have been proposed. 
ble project and development work is under way in several coun- 


Radial turbines can easily be fitted with pivoted 


They lend themselves particularly well to turbine cooling, 
Considera- 
tries. The results should become apparent in the next few years. 
Radial turbines are thoroughly discussed in references (21, 24, 
26, 27). 
Combustors. Nothing new has occurred in large turbine com- 
bustors. As already seen, most American and some British 
turbines use can-type combustors, other British and all Swiss 
the single separate type. This is bulkier and requires more 
complicated pipe work, with corresponding pressure losses, but 
it gives very high combustion efficiency, up to 98 per cent. The 
Oerlikon turbine has a remarkably efficient single-t ype combustion 
chamber. The fuel is injected by a very small pressure differen- 
tial (that between compressor exit and combustor) acting on a 
constant-level chamber. Pressure is varied under control of the 


governor, giving « particularly simple regulation. A very strong 
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vortex action is employed in the flame tube and the heaviest 
fuel oils have been burned successfully. 

In small turbines the most successful and original combustion 
chamber is the annular type employed on the Turbomeca units 
and shown in Fig. 9 (28). The fuel is introduced through the 
hollow compressor shaft so that the injectors rotate at very high 
speed and centrifugal force gives a powerful spray action. The 
air from the compressor is divided into three parts: one cools the 
turbine stator nozzles, being warmed in the process, then enters 
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the flame chamber from the back with a strong swirl in the oppo- 
the second part enters 
the third part 
air and cools the outside of the com- 


site direction to that of the fuel spray; 
the fame chamber, also with an inverse swirl; 
constitutes the secondary 
bustion chamber, mixing afterward with the hot flame. Combus- 
very high indeed for such 


constant under all 


tion efficiency is over 96 per cent, 
a small machine, and remains remarkably 
load and density conditions 


meca machine is due undoubtedly to this remarkable combus- 


The great success of the Turbo- 
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Continental and 


firms, 


tion chamber. Two United States 
Fairchild, have acquired Turbomeca licenses. 

Remarkable advances have been made recently in air heaters 
for closed-eycle gas turbines; the radiant-heat type, with combus- 
tion air at atmospheric pressure appears to prevail over the super- 
charged convection type, either crossflow or counterflow, pre- 
viously used. Fig. 15 shows the latest Escher-Wyss raciant- 
heat air heater and Fig. 16 the supercharged crossfiow type, 
both for the same size of plant, 12,500 kw (9). Tests of the St. 
Denis and Dundee plants will show if the air heater is a really 
practical device. On this depends, to a considerable extent, 
the future of the closed eycle. St. Denis has been running on 
and off for nearly a year; conclusive evidence is not expected 
before another year. 

Other 
place in regenerators, 
(12) and (18) shows great promise for traction engines where 
The problem of a satis- 


The 


The rotary type discussed in references 


Components. greatest improvement has taken 


small weight and bulk are essential, 
factory seal is not yet quite solved, even for low pressure ratios 
under 4; there is little prospect of success for high pressure 
ratios. Figs. 17 and 18 show the latest NGTE experimental 
types (18 
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The tubular heat exchanger also has made considerable prog- 
ress, especially because of the introduction of extended-surface 
tubes (16). Some of the very large heat exchangers fitted to 
high-efficiency European plants have given rather disappointing 
results; the many bends in the pipes, due to the plant layout, 
caused unexpectedly high pressure losses, and thermal efficiency 
and power output were below the contract values. In the latest 
designs, smaller regenerator surfaces and a simpler pipe layout 
are used. In practice the difference in efficiency is not great. 
The tubular heat exchanger is at its best in closed-cycle machines. 
The high pressures give excellent transmission coefficients; the 
clean air inside and outside allows very small-diameter tubes to 
be used; the saving in weight and in bulk is considerable. In 
its latest designs, Escher-Wyss considers using extended-surface 
tubes of 2 mm (about !/). in.) inner diameter, while the smallest 
practical tube diameter in open-cycle turbines is '/2 in. 

Much should be said about governing devices and turbine 
regulation; there is little published material on this subject, 
except for the closed eycle, and many problems remain to be 
solved. With the increasing diffusion of gas turbines for power 
generation and with the need for automatic gas pipe-line pump- 
ing stations, regulation problems will come ever more to the fore. 
But this is a very specialized subject which cannot be discussed 
here. 
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LMOST any gas turbine with a separate power turbine of 
less than 500 hp might be classed as suitable or adaptable 
for propulsion of a road vehicle. Therefore this part of 
the report will include an account of the development of small 
gas turbines-——-those under 500 hp with special attention being 
given to the problem of applications to turbines for automobiles, 
trucks, and buses. 


4 


A fairly large number of companies have 
developed small gas turbines to a point where they are available 
and competitive for specific applications or have small gas tur- 
bines on test. Only three notable applications for vehicles have 
appeared to date. The Rover turbine has actually been installed 
in an automobile; the Boeing turbine has been successfully 
used to propel a large truck, while the Laffly turbine-powered 
bus was exhibited at the 1951 Paris Motor Show. 
turbines also have been used to drive pumps for pipe-line service, 
auxiliaries in aireraft and aboard ship, for driving a fire pump, 
propel a small launch, propel lightweight airplanes and helicop- 


Small gus 


ters, and to furnish a source of compressed air for starting large 
turbines or compressed air for other purposes. 


Art Gas Tursines 


Varied opinions have appeared in the literature as to the feasi- 
bility of using gas turbines in cars and trucks. 
tant drawback to the use of gas turbines in automobiles is its 


The most impor- 


poor specific fuel consumption, especially at part load as compared 
with reciprocating engines. Steady progress in improving the 
fuel consumption of reciprocating engines is to be expected and it 
is this progress which must be met by continued progress in 
developing small gas turbines. One fact appears certain, that 
any real competition offered by present gas turbines will spur 
development of reciprocating engines much as the advent of jet 
propulsion for aireraft gave an added incentive to develop pro- 
pellers which could handle larger powers more efficiently at 
higher flight speeds. 
compete with reciprocating engines largely because of superior 


Gas turbines in aircraft have been able to 


performance at high-altitude, high-flight speed, and because 
they could be built in larger power output. 
disappear in propulsion of road vehicles. The large aircraft gas 


turbine has been improved to a point where its specific fuel con- 


! Professor of Mechanical Engineering, University of Michigan 
Mem. 

Contributed by the Gas Turbine Power Division and presented 
at the Fall Meeting, Chicago, Ill., September 8-11, 1952, of Tur 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Notes: This is paper No. 52—-F-2 of a Progress Report which the 
Executive Committee of the Gas Turbine Power Division authorized 
at its 1951 Annual Committee Meeting. The series includes the 
following: “Introduction,” by R. Tom Sawyer, paper No. 52--F-1A; 
“Materials, Cooling, and Fuels,” by A. A. Hafer, paper No. 52 
F-1B; “Cycle Components,” by P. F. Martinuzzi, paper No. 52 
F-1C; “Railroads,” by K. A. Browne, J. I. Yellott, and P. R. Broad 
ley, paper No. 52-—-F-3; “Marine,” by W. A. Dolan, Jr., and A. A 
Hafer, paper No. 52--F-4A; “Merchant Vessels,"" by W. A. Dolan 
Jr., and A. A. Hafer, paper No. 52—F-4B; ‘Naval Vessels,"’ by 
W_ A. Dolan, Jr., and A. A. Ha‘er, paper No. 52-—-F-4C; “Stationary 
Electric Generation,”’ by Lee Schneitter, paper No. 52-—-F-5; ‘Indus 
trial,"’ by L. N. Rowley and B. G. A. Skrotzki, paper No. 52—-F-6 
“Aviation,” by I. H. Driggs and O. E. Lancaster, paper No. 52-—-F-7 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society 
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These advantages , 
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sumption is comparable to that of large reciprocating engines. 
The scaling down of a gas turbine to a small size does not carry 
with it similar performance. 
the more difficult it is to provide high efficiency. 

It should be noted that the trend in automobile and truck 
engines is toward larger engines. In 1952 there are nine models 
of automotive engines having 150-190 hp. With the trend toward 
larger engines it becomes easier for the gas turbine to match 
This is particularly true in using gas turbines in 
trucks and buses and especially in those applications where near 
full power can be used almost continuously. 
turbines using the simple cycle are available having a specific 


performance. 
Several small gas 


fuel consumption of 0.9 lb per hphr and, with continued develop- 
ment and the use of regeneration, this consumption may be 
When coupled with the outstanding 
advantages inherent in gas turbines, this expected fuel consump- 


reduced to 0.7 Ib per hphr. 


tion begins to be competitive. 

The major reason for a decreased efficiency accompanying the 
Reynolds number. 
The thermodynamic cycle efficiency depends on factors such as 


scaled-down sizes of gas turbines is the 


pressure ratio, temperature, and regenerator effectiveness, not 
size. For an efficient cycle the density, gas velocity, and vis- 
cosity are about the same in a small turbine as in a large turbine 
so that the Reynolds number decreases with diameter, making 
it more difficult to control boundary layers, and the size of the 
boundary layer becomes a higher percentage of the flow area 
This effect reduces the component efficiency of compressors and 
turbines, 
bines is about 5 percentage points less than those of large 
turbines, those over 1000 hp. 
efficiencies of 86 per cent are now common in the larger sizes 


It appears that the component efficiencies of small tur- 
For example, peak compressor 


whereas several small compressors have been designed and used 
having efficiencies above 80 per cent. Turbine efficiencies of 
several per cent higher than compressor efficiencies are to be 
expected, 


ADVANTAGES AND DIsapDVANTAGES OF THE 
Gas TURBINE 


The advantages offered by small gas turbines of the automotive 
type with the free turbine are as follows: 


1 Smooth operation, free of vibration 


2 Operation over a wide range of fuels without requiring 
especially refined fuels such as high-octane or high-cetane fuels 
3 Lubrication system may be simplified and lubrication 
consumption as low as | per cent of that of a Diesel engine 
$ Lleetric ignition required only for starting 
5 The turbine produces its maximum torque at standstill. 
6 The gas turbine inherently incorporates a torque converter 
and a gas fluid drive in the driving member. 
7 A transmission with possibly as low as only one or two 
speed changes and a reverse is needed and used only occasionally 
8 Elimination of a clutch. 
9 Light weight; as much as 3000 lb can be saved on weight 
of engine and transmission over a large truck Diesel. 
10 Small installation space required, especially if regeneration 
is not resorted to. 


In general, the smaller the size 
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11 Few parts; only 10 per cent as many as the average recipro- 
eating engine 

12 Easily and quickly maintained, 

3 Good cold-weather starting characteristics. 

14 Maximum fuel economy occurs at maximum output. 

15 Noexternal cooling system required, 

16 Clean exhaust 


The following disadvantages are inherent in the gas turbine 
as applied to vehicle propulsion : 


1 Large ducts required. 
2 High specific fuel consumption, especially at part load. 

3 High rotative speeds requiring high-quality bearings and a 
high gear reduction. 

4 Certain parts are made of high-cost alloys, costs depending 
upon temperatures and ratings. 

5 Service life is limited if maximum temperature and there- 
fore high thermodynamic cycle efficiency is used for a high per- 
centage of the time the turbine is in operation, unless the turbine 
is especially built for long life and controlled within definite 
limits, 
are questions which remain to be 


Cost figures of turbines now being 


Cost, noise, and exhaust 
answered in many cases 
built are high but they include development costs and involve 
smal] production. With further development of materials and 
high productions, the cost eventually may be reduced to that of 
areciprocating engine. This is possibly to be expected especially 
when the number of parts required in the two prime movers are 
compared, Many of the parts of a reciprocating engine use 
high-cost alioys too and are heavier. 
always has been feared to be excessive but actual applications 
installed do not appear to present this as a serious problem. —Dur- 
ing acceleration the Rover turbine exhibited excessive noise but 
at constant speed the sound was reported to be not more severe 
than that of large city traffic. No special effort was made to 
reduce the noise. The noise produced by the Boeing turbine 
in a Kenworth truck is less than that of the Diesel engine it 
The sound is of a character which reduces in intensity 
The temperature of 


The noise of a compressor 


replaces, 
very rapidly a few feet from the turbine. 
exhaust gases is high as in a reciprocating engine without the 
benefit of long exhaust pipes and mufflers which effectively reduce 
the temperature of the expelled gas. When the Rover turbine was 
operated on its first official run it was reported that one could 
hold his hand over the exhaust at idle with no detrimental results, 
but at speed the procedure would be comparable to the hot 


exhaust of a racing car. 
Some CHARACTERISTICS OF SMALL GAS TURBINES 


Small gas turbines such as might be used for driving an elec- 
tric generator have a specifie weight as low as 0.6 Ib per hp. 
Those with a separate power turbine as used in vehicles have a 
specific weight between 1 and 2 Ib per hp not allowing for ex- 
The space required is also small unless long 
A gas turbine 


tended duct work. 
large ducts on the inlet and outlet are added. 
requires about five times as much air through the machine as a 
comparable reciprocating engine. This requires large ducts 
where used, Also, the gus-turbine efficiency is susceptible to 
pressure losses in ducts and passages between elements so that 
large ducts are desirable if used at all. However, if one considers 
the air required for cooling a piston engine along with that aspira- 
ted, the two types of engines use somewhere near the same air 
consumption, By placing a turbine in the rear or judiciously 
choosing its location in a vehicle, little duet work would be 
required, 

The gas turbine saves additional weight and space by not need- 
ing an external coolant, extended fins and fan, or a radiator with 
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its pump and plumbing. If a regenerator is added to improve 
fucl consumption, much of the advantage of small size and weight 
Regenerators are bulky, expensive, heavy, and it is 
The number 


vanishes 
anticipated would add to maintenance difficulties. 
of moving parts is small but the materials are either stainless 
steel or other alloys which are high in cost and at present not easy 
to fabricate. There is practically no cast iron in a gas turbine. 
With continued improvement in fabrication and materials it 
may be possible to produce turbine and compressor wheels in 
large numbers at a very low cost. Bearings of small turbines 
are nearly always ball or roller bearings running at speeds as 
high as 40,000 rpm 
as high as 60,000 rpm. 
Gas-turbine efficiencies and power output are susceptible to 
At low temperatures the 


Some very small turbines have used speeds 


inlet-air conditions as shown in Fig. 1. 
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gain in power and efficiency is greater than that in reciprocating 
engines whereas at above normal ambient conditions the deleteri- 
ous effect of high ambient temperature is greater than for piston 
engines. This is due largely to the fact that the percentage of 
the turbine work required to drive the compressor is as much as 
twice the percentage of expansion work used to supply compres- 
sion work of a piston engine. Cold-starting of a gas turbine is 
relatively easy so long as the low temperature does not affect 
the fuel properties or fuel-injection system seriously, 

A gas turbine for vehicles requires two controls in addition to a 
fuel throttle, one to protect against overspeed and one to prevent 
excessive temperature in the turbine. The overspeed control 
is relatively simple but the measurement of either combustion 
temperature or exhaust temperature requires more than a simple 
thermocouple. 


Tyres or COMPRESSORS 


Compressors which may be used are of three types, each with a 
distinct advantage over the others. Centrifugal compressors 
are capable of developing high pressure ratio per stage, as much 
They can be cast or machined from 
When cast they can be double- 


as 4.6 with good efficiency 
an aluminum forging at low cost 
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shrouded. Double-shrouding adds « small increase to the effi- 
ciency. Axial compressors require many stages but are well 
adapted to multistaging whereas compounding of centrifugal 
compressors adds numerous turns and passages. Axial compres- 
sors are usually several per cent more efficient than centrifugal 
compressors. Rotary compressors of the Roots or Lysholm type 
have the advantage of maintaining good efficiency over a large 
range of air flows. The principal disadvantage is the difficulty 
in manufacturing the lobes accurately. The rotary type has not 
been used in small turbines. The axial type has appeared in 
only a few installations. 

Nearly all small turbines use a single centrifugal compressor. 
Thus the cycle efficiency is limited by pressure ratios between 
2.5 and 4.4. To obtain better fuel consumption while retaining 
the simple cycle, higher pressure ratios and temperatures must 
be resorted to. 
centrifugal compressor or an axial compressor, cither of which 


Higher pressure ratios require either a compound 


adds to the size and cost, and compounding a centrifugal com- 
When 
high pressure ratios are used in an axial compressor for small 
air flow, the last stages require very short blades with increased 


pressor will lower somewhat the compressor efficiency. 


flow losses. 

The maximum temperature used in small gas turbines has 
been 1600 F. Most of the small turbines use gas temperatures 1350 
to 1600 F. 
possible with the development of cooled blades or the use of new 


Increasing the temperature as might be expected to be 


alloys, does not improve the specifie fuel consumption very fast 
when the pressure ratio is low and the component efficiencies 
are high. 

Fig. 2 shows the relationship between efficiency, pressure ratio, 
and temperature for component efficiencies of 80 per cent. As 
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the pressure ratio is increased, higher gas temperatures become 
more effective in increasing efficiency. 
turbines which have been built allow for incorporating a heat 
exchanger at a later date. At higher pressures and temperatures 
a heat exchanger is not as desirable as at low pressure ratio. If 
heat exchangers should be used generally the low-pressure-ratio 
range of a single-stage centrifugal compressor probably will 
remain common practice. 


Several of the small gas 


The piston engine has one inherent advantage which cannot be 
matched by a gas turbine. 
the engine uses air at a very low rate, even less than an amount 
proportional to the speed because of the throttling. The speed 
ean be reduced to a very low value expressed as a percentage of 
maximum speed. Under these conditions, although the specific 


At idle or low power requirements 
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fuel consumption may be high, the fuel consumption per hour is 
The gas-producer unit of the gas turbine must remain 
at relatively high speed at all times except idle, for if the speed 
is reduced excessively, the component efficiencies and pressure 
ratio become prohibitively low and the turbine ceases to function. 
The compressor turbine runs at 50 to 80 per cent of maximum dur- 
Thus the fuel consumption 
at low power is not proportionately less than at full power 


very low. 


ing normal operation of a vehicle. 


Torque CHARACTERISTIC 


The most inviting feature of a gas turbine for propelling vehicles 
is its excellent torque characteristic, The arrangement of com- 
ponents with a split turbine using a simple cycle without regenera- 
The first turbine stage drives the com- 
pressor through a direct drive with the compressor and turbine 


tion is shown in Fig. 4. 


turning at the same speed. The second turbine stage is connec- 
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compressor turbine 


C = compressor 
T: = power turbine exchanger 


CC = combustor 
Fig. 3 7ARRANGEMENT OF Simpie-Cycte Components WiTH A 
TURBINE 
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ted directly to the rear axle through a gearbox which has a high 
reduction ratio and may or may not incorporate one change in 
gear ratio and a reverse gear. 

lig. 5 shows a typical curve of torque, speed, and grade for a 


passenger cur with a conventional three-speed transmission. A 
study of Fig. 6 will indicate the suitability of the gas turbine to 
vehicle propulsion. Turbines have characteristically parabolic 


horsepower curves. Efficiency curves are approximately the 


same shape. With control of load by gas-producer speed varia- 
tion, the grade curves fall near the loci of maximum efficiency 
and horsepower, If the design point is selected at the peak of a 
given horsepower curve, say, one corresponding to 1500 F, the 
torque multiplication is 2:1. 

By designing the turbine for a blade-speed/jet velocity ratio 
somewhat above the ratio of maximum efficiency, the grade 
curves will fall reasonably close to the peaks of the horsepower 
curves over a range of grade curves, and the torque multiplica- 
tion becomes greater than 2:1. Shifting the design point beyond 


HORSEPOWER 


the peak of the horsepower curve causes a small increase in fuel 
consumption on steep grades and at moderate speeds — Also, 
a slightly latger turbine is required) An extra gear may be 
needed only for moving the vehicle when stalled in mud or snow 


or exceptionally steep grades. Caleulated fuel consumption is 
shown in Fig. 6 for a turbine having « compressor of 3.5:1 pres- 
sure ratio and an isentropic efficiency of 80 per cent with a tur- 
bine having an isentropic efficiency of 85 per cent. On the first 
official run of the Rover car its fuel consumption was 7 miles 


per Imperial gallon at 85 mph. 
4 Table 1 presents data of small gas turbines built to date. 


AvuTOMOTIVE PRODUCTION MODELS 


The AiResearch Manufacturing Company has three models MILES PER HOUR 

of gas turbines in production and several others under develop- Tyrican Curve or SPEED, Power, Grave 
ment. The GTC43/44 is a bleed-off type of machine used to (in Retation To Hp) ror 4 Gas-TurBINE VEHICLE 

supply compressed air for auxiliary power. The GTP70 is a 
shaft-power version of the GT'C43/44. These turbines have a 
compressor flow of 1.9 Ib per sec and a pressure ratio of 3:1 ac | 
Maximum gas temperature ranges between 1500 and 1600 F. san —_—____—— 
The shaft machine develops better than 100 hp and weighs 100 
lb without an enclosure. The compressors of the two machines 
are identical and have two centrifugal stages with impellers of 
the backward-curved type. ‘Two stages with low pressure ratio 
per stage were used to develop high efficiency and permit a 
wide range of air flow without promoting surge. This latter 
factor is important in air-bleed turbines. Maximum bleed is 
about 35 per cent of total compressor flow. The air may be 
bled directly after the compressor or after the combustor if hot 
gas is required, or air may be bled from both points and mixed 


to give an intermediate temperature. Two can-type combustors 
are utilized and their output is fed into a single-stage radial-flow 


turbine. 

The model GTC20 having « single-stage compressor and about 
one half the air-bleed rating of the GTC43 /44 has been developed 
and tested but is not in production. 

The GTM 125 is a gas-turbine motor without a compressor. 
Compressed air must be furnished from an outside source for 


MILES PER GALLON 
© 
SPECIFIC FUEL CONSUMPTION - LBS / BHP-HR. 


its Operation, as when used with a bleed turbine. This machine 
utilizes a radial-flow turbine having variable-area nozzles and a 
single combustor. It has a power output rating of 124 to 150 hp 
and weighs 80 Ib. 

AiResearch gas-turbine designs have been characterized by 
the use of centrifugal compressors with backward-curved blades, 
radial inflow turbines, and completely enclosed power packages 

Although the radial-flow turbine has some advantages with respect 
to broad operating ranges, the primary justification for its exist- 3.5 To 1 Ratio anp 80 Per Cent Isentropic Erriciency 
ence is in respect to manufacturing costs. The efficiencies (Turbine isentropic efficiency is 85 per cent. No heat exchanger used.) 
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achieved are at least as good as those for axial-flow turbines of 
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similar capacity and the quality-control problems consistent with 
high efficiency are minimized. There are twelve blades per wheel, 
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bent only slightly at the exit end. 

Variable nozzle area always has been intriguing to gus- 
turbine designers. The radial turbine lends itself more readily 
to variable-area turbine nozzles than does the axial type. Only 
the GTM 125 model has variable-area nozzles. The radial 
turbine is capable of utilizing efficiently a large pressure ratio. 
A pressure ratio across the turbine larger than the centrifugal 
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compressor ratio is possible. Tt is equivalent of 1'/, to 2 axial 
stages. The 90-deg inward-flow radial turbine as used in the 
AiResearch turbines has been found to be superior to cantilever- 
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blade types from the stress and manufacturing standpoints, 

The Boeing Airplane Company gas turbine Model 502 has a 
free turbine wheel beyond « gas-producing section. It has been 
used experimentally to drive a 70,000-Ib truck more than 15,000 
miles in 550 hr. Other applications include units for driving « 
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small launch, a helicopter, an electric generator, and one for pipe-— 


line pumping. The fuel consumption in the truck application 
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is about three times that for an equivalent Diesel engine. The 
fuel used is kerosene or Diesel fuel. 


Model 502 consists of a single-stage centrifugal compressor 


with two outlets, two straight-through can-type burners, a 
primary turbine which drives the compressor and ACCeMNOTIEN, | 
and a second-stage power turbine driving the output aul 
through a %:1 reduction gear. The turbine develops 175 hp 
at 60 F or 160 hp at 80 F ambient temperature and weighs — 
236 Ib with accesseries and reduction gear. The primary tur- 
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bine a maximum speed of 26,000 rpm, and the output shaft a 


maximum speed of 3000 rpm. The centrifugal compressor has a 
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The turbine blades designed for free vortex are impulse at the 
root and 50 per cent reaction at the tip. The isentropic efficiency 
of the turbine wheels is 85 per cent total to total pressure. The 


primary turbine is 7 in. diam and the secondary turbine 9 in. 
The air flow at rated power is 3.6 lb per sec, the temperature 
1550 F, and the specific fuel consumption about 1 Ib per hphr. 

It can 
accelerate from idle speed of 14,000 rpm to full speed in 5 see 


tated power is developed in 15 sec from a cold start. 


Variep 
The General Motors Corporation has a 300-hp gas turbine 
It will have a free-power turbine and be of 
It is hoped that valuable experience in 


under development. 
conventional design. 
analyzing production methods, evaluating materials and costs 
will be obtained in the development, rather than outstanding 
performance. 

The Solar Model 8Q gas turbine comprises two separate gas- 
turbine power sections mounted in a single assembly with a 
common reduction gear connecting them and driving an alterna- 
tor. One turbine developing 105 hp at sea level is sufficient to 
drive the alternator at sea level but the two units with a combined 
output of 90 hp at 40,000 ft are used at altitude. Only one of 
these was built, this for experimental purposes. 

The Solar Model T45 turbine was designed to replace a piston 
engine driving a centrifugal water pump for fire fighting aboard 
ship. Simplicity, size, weight, and ease of starting were primary 
considerations, 
tion. The unique feature of the unit is a centrifugal compressor 
developing a pressure ratio of 2.44 set back to back with a radial- 
inflow turbine wheel. Both units are overhung at one end of a 
single shaft mounted in two bearings beyond the compressor 
To conserve space an elbow-type combustion chamber joins the 
compressor and turbine casings. Only 0.5 in. separates the com- 
pressor and turbine at the hub, At rated power of 47 hp the air 
flow is 2.35 Ib per sec, the compressor efficiency is 74.5 per cent, 
the turbine efficiency 78 per cent, the turbine-inlet temperature 


Fuel consumption was of secondary considera- 
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RBINE Unit in Truck 


is 1142 F, and the specific fuel consumption 2.22 Ib per bphr 
The compressor is 6.97 in. diam, the turbine rotor 7.42 in., and 
the speed 40,300 rpm. Speed reduction between turbine and 
pump is accomplished through a single-reduction spiral bevel 
gear and pinion providing a right-angle drive. 

A means is provided for cooling the exhaust gas with water 
supplied by the pump sprayed into the gas. The Model T45 
turbine is the first turbine to be started by hand. Starting is 
accomplished through a hand crank and a chain and sprocket 
connecting to the pump shaft which has a maximum speed of 
4428 rpm. An over-all speed ratio of 81 to 1 is accomplished 
between the hand-crank shaft and the turbine shaft. When the 
turbine speed after starting exceeds the speed derived from the 
hand crank an overrunning clutch disconnects the starting device. 
The turbine is self-sustaining after the pump speed reaches 1200 
rpm. 

The T55 i: the production version of the T45. 
T45 units have been built while several T55 are now building, 


Only two 


with more to come. 

The T-400 was one experimental generator auxiliary unit 
actually placed on board a ship. The T-520 is similar to the 
T-400, being somewhat larger and a production model. The 
T-522 also has a 3-stage turbine the same as the T-520 except 
the last stage is a free-running power turbine which makes it 
suitable for use in the automotive field—the only Solar unit 
actually suitable for this purpose. 


DEVELOPMENTS IN ENGLAND 


The Centrax Power Units of Acton, England, exhibited the 
first gas turbine intended for vehicle propulsion. In 1948 a 
Centrax gas turbine was exhibited at the British Industries Fair. 
The turbine was designed to develop 160 hp. It had eight stages 
of axial compression followed by a centrifugal stage developing 
an over-all pressure ratio of 5.8:1. A three-stage turbine drives 
the compressor at 40,000 rpm. A single-stage free turbine delivers 
power at 35,000 rpm maximum speed. The drive shaft was 
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The unit weighed 300-350 Ib, had a 
maximum diameter of 17 in., and was expected to have a specific 
fuel consumption of 0.7 Ib per hr. 
No further announcement of the progress of this 


designed for 5000 rpm 


The maximum gas temperature 
was 1525 F. 
turbine has been published. 

On March 8, 1950, the Royal Automobile Club conducted the 
The Rover 


Company of Birmingham instalied a turbine of its own design 


first official tests of a gas turbine in an automobile. 


in a standard Rover car adapted for rear-end installation. 
Almost no technical details of the turbine are available other 
than that the turbine was mounted ahead of the rear axle and 
consisted of a centrifugal compressor, dual combustion chambers, 
a single-stage compressor turbine, and a free-power turbine coupled 
Kero- 
The turbine was started with an electric 


through a reduction gear having a reverse to the rear axle, 
sene fuel was used. 
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AUTOMOTIVE 


100 Gas-Toruine 


starter with a push button, The time tcken to start the turbine 
and accelerate it to idling speed was 13,2 sec, The car moved 
forward in another 3.4 see. The only control used by the opera 
tor was a throttle pedal and brake pedal. The maximum speed 
in the test was 85 mph but this was not the maximum possible. 
At 85 mph the compressor-turbine speed was $5,000 rpm. From 
standstill the car accelerated to 60 mph in 40 sec, The specific 
fuel consumption was twice that of a comparable piston engine 
Seven miles per gallon was observed. ‘The turbine idles at 7000 
1000 The maximum speed was 
10,000 rpm and the turbine was capable of developing 200 hp. 


rpm and ignites at rpm. 


A new design under development is «a smaller turbine intended 


to be installed in the front end of a car. 


CONTRIBUTIONS 
The Turbomeca Company of Bordes, France, has developed 
Many 


of the components in the various units are interchangeable. A 


a wide line of gas turbines with some unique features, 


novel high-swirl annular combustor of very short axial length 
which permits close coupling of the turbine and compressor ele- 
ments, resulting in design simplifications, is used in these tur- 
The only fuel nozzle is a rotating disk of about 4 in. 
diam with several radial holes of small diameter mounted on the 
turbine shaft. The only fuel pump required is a small transfer 
pump. The compressors have high efficiency for such a small 
size, approximately 10 in. OD, and are machined from solid 
aluminum forgings 
are machined from 4 singie piece of Nimonic 80, achieving high 


bines, 


Likewise, the turbine wheels and blades 


efficiency and capable of withstanding high stress. 
The 
Pimedon is an air-bleed generator producing 1.3 lb per see of 


The Oredon is a single-shaft turbine developing 140 hp. 


bleed air at 50 psia. The compressor pressure ratio is 5.5/1, 
The weight of the unit is 160 Ib. 
bleed generator capable of supplying 2.5 lb per see of bleed air at 
50 psia. 
weighs 170 Ib. 


The Palouste is a larger air- 


It has a compressor pressure ratio of 4.0: 1 and the unit 
This unit has been considered for supplying air 
through the rotors of a helicopter to 
at the wing tip for 


ram-type combustors 
The Artouste 
Oredon, It 


helicopter 
turbine 


propulsion. 


is «a larger shaft-power than the 
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develops 250 hp under continuous conditions with a specific 
The Artouste weighs 200 Ib 
The Pimene, 


fuel consumption of 1 tb hphr. 
and uses the same compressor us the Palouste. 
Palas, and Marbore are jet units developed for small airplanes, 
target planes, guided missiles, and soon. They have a compressor 
pressure ratio of 4.0/1 and produce a thrust of 200 to 880 Ib with 
specific fuel consumptions of about 1.1 lb/lb thrust. The Aspin 
is a gas turbine driving a ducted fan of low pressure ratio. Two 
sizes have been developed for airplanes to fly at 250 to 350 mph. 
The static specific fuel consumption is about 0.6 Ib/Ib thrust. 
The Stratos Division of Fairchild Aviation and Engine Company 
has been licensed to sell and manufacture the Oredon whereas the 
Continental Aviation and Engineering Company been li- 
censed to manufacture and sell all models except the Oredon. 
Turbomeca 
motive turbine using the Artouste unit, plus a 
which has a maximum speed of 27,000 rpm and a gear reduction of 
8 to lL, 
turbine is located some distance in back of the gas producer, 
the entire unit is 3 ft 4 in. long & 1 ft 4 in. wide and high. A 
second model has been studied consisting of the Palouste feeding 


has 


is now developing the turbine Motrice, an auto- 
power turbine 


The compressor speed is 35,000 rpm. As the power 


air into an automotive power turbine, This is known as the air- 
generator system. 

The i951 Paris Motor Show exhibited a Laffly gas-turbine- 
driven bus and truck chassis, Another is on road test: which 
has one two-stage centrifugal compressor delivering air into 
two combustors located crosswise, making a compact unit. The 
combustors lead into a dual-stage split turbine, one stage driving 
the compressor, the other the gearbox, The compressor speed 
is 30,000 rpm while the maximum speed of the power turbine is 
24,000 rpm with a gear reduction of 12 to 1. 

The Stabilimento Ernesto Breda, Sesto 8. Giovanni (Milan, 
Italy) has a 350-hp gas turbine with maximum temperature of 
680 C (1256 F), 10,000 rpm for 6-stage axial compressor, 1- 
stage centrifugal, compression ratio 3.35; two-stage compressor 
This 
is in construction and component test and is purely an experi- 
mental turbine. 

Small gas turbines have been successful in an area of applica- 
tions where small size, lightweight, and superior performance 
have been more important than specific fuel consumption. As 


driving turbine, one-stage power turbine, free and coa.ial. 
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improvements continue to develop and first costs decrease, a 
wider field of application will follow. 
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INTRODUCTION 


ROWN Boveri brought out the first gas-turbine locomotive 
in 1941. 
that 


This experimental unit has been in service since 


burning heavy oil, whenever and wherever 


permitted. The first) gas-turbine locomotive 


circumstances 

which should be called a commercial product also was delivered 

by Brown Boveri to the Great Western Railway in england on 


March 10, 1950. 


The second gas-turbine locomotive was that built by General 
Electric Company and first operated on November 14, 1948 
This was definitely an experimental type but it proved to be so 
successful in extensive tests on western lines that an order was 


The President's Office, The 
Cleveland, Ohio. Mem, ASME 


& Ohio Railway Company, 
2 Director of Research, Locomotive Development Coniuittee, 
Dunkirk, N.Y. Mem. ASME 
Assistant Director of Research, Locomotive Developrnent Com 


time 


' Research Consultant, Chesapeake 


mittee, Dunkirk, N.Y. Mem. ASME 

— Contributed by the Gas Turbine Power Division and presented a 
the Fall Meeting, Chicago, IIL, September '1, 
= RICAN SocrevTy OF MECHANICAL ENGINEERS. 

F-3 of a Progress Report which the 

Power Division author- 
The series inchides the 


1952, of THe 


Nores: This is paper No. 52 
Executive Committee of the Gas Turbine 
ized at its 1951 Annual Committee Meeting. 
following: ‘‘Introduction,”’ by R. Tom Sawyer, paper No. 52 
‘Materials, Cooling, and Fuels,”’ by A. A. Hafer, paper No. 
Components,"” by P. F. Martinuzzi, paper No, 52--F-1C 
" by Frank L. Schwartz, paper No, 52--F-2; ‘Marine,’ 


“Cyele 
“Automotive, 


by W. A. Dolan, Jr., and A. A. Hafer, paper No. 52--P-4A; Merchant 
Vessels,"’ by W. A. Dolan, Jr., and A. A. Hafer, paper No. 52--l-4B; 
‘Naval Vessels,"’ by W. A. Dolan, Jr., and A. A. Hafer, paper No 


52—F-4C; 
paper No. 52 


Electric Generation,”” by Lee Sehneitter, 
" by L. N. Rowley and B.G. A. Skrot- 
"by I. Driggs and O. Lan- 


“Stationary 
‘Industrial, 
zki, paper No. 52-—F-6; ‘Aviation, 
easter, paper No. 52 — F-7. 
Stateme nts and opinions advanced in this paper are under- 
stood as the individual expressions of the authors and not those of 
the Society. 


to be 
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YELLOTT,? 
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Test vp Dunkirk 


anp P. R. BROADLEY 
placed in December, 1950, by the Union Pacific Railroad for 
ten similar locomotives. The first unit was double-ended tut 


all of its operation was in single-ended service and so the subse- 
quent locomotives used the second cab space for oil storage and 
The first of 


and is thus the 


other purposes these locomotives was delivered 
1 January, 1952, 
turbine locomotive in the United States. 

The Westinghouse Electric built 


twin-turbine locomotive which first entered service in May, 


first commercially built paus- 


a 4000-hp, 
1950 
Since that time it has seen extensive operation on eastern and 


Company has 


western lines. 
The Metropolitan Vickers 3000-hp locomotive 
was the first British-built gas-turbine locomotive 


No. 18,100 
and went late 
service in 1951, also on the Great Western Railway 

The 
in developing the coal-burning gas turbine for locomotive service 
In 1951 this ageney placed an order for a 1600-hp exhaust- 
heated coal-burning gas turbine for 


Ministry of Fuel and Power in England has been active 


locomotive service, with 


©. A. Parsons and Company, Limited. In this country the 
Locomotive Development Committee has been at work since 
1945, and is currently testing a 4250 Allis-Chalmers open-evele 


turbine, direct-fired with pulverized coal, Fig. 1. 

This report does not cover various designs or examples of tur- 
bines which are not expected to be placed in locomotive service, 
neither does it cover the thousands of Diesel locomotives now in 
Table 
locomotives listed in 


service Which depend upon gas-turbine superchargers 


shows the relative features of each of the 


the foregoing with particular emphasis on the turbine unit 
Several salient points are of interest. 

1 All of these locomotives use the open eyele, with oo water 
required for the gas turbine. 

2 Only the Parsons, and Ruston and Hornsby unit« use tree- 


power turbines 


| 
¢ 


Turbine builder.. 
Locomotive builder... 
Electricel builder... 
CUSTOMOEP. 
Order 
Date first 


TABLE 


Brown Boveri 
Swiss Loco. 
Brown Boveri 
Swiss Federal Rys. 
March, 1939 
Aurust, 1941 


Works 


Mf'r. rating-10C0., 2200 
No. turbines per 1 
No. gen. per 
Mp per 2000 lb wt 2le? 
wheel lLA=BeAl 
Totel weight, 203,000 
Weight on drivers, 
Length over-all, 53 10 7 
; wheel base, totel, ft - in....... 41 - 10 e- 
| wheel Base, rigid, ft - in...eee- ll = 
Width, [£6 © covescovee Go 6 
Height, LE 13 © Li ~ 
Max. MMe 10 
Cont. tractive effort, 14, 000 
Mph at cont. tractive effort, lb. a) 
Unit Date 
Rating to main gen. eo 
for traction, 2150 
Mex. total rating, 2200 
OPN 
Cycle One shaft 
Top cycle temp, deg F......e++ee. 1110 
Weight turbine unit 
weight lb per hp (mo. gen)....... 18,0 about 


Height, ft 
Starting 
Air flow, 1b/sec... 

Spec. power, 
SFC, 1b/hp/hr (full 
™ percent (HHV) (full load)...... 
HHV (of fuel used), Btu/lb....... 


Combustors 


Type.. 
NUMDOP.. 


Regenerator 


Effectiveness, per 


Compressor 


Type... 
Number stages...... 


Rpm 
Adiabatic efficiency, per cent... 
Discharge Pele... 


Main Turbine 


No, stages...... 
rer 
Adiabatic efficiency, per cent... 
Type cooling.........+. 


Power Turbine 
(if seperate) 


NO. 
RPM, 
Adiabatic efficiency, per cent... 

Type 


* With exhaust heater 
) 6 23.3 per cent maximum at 3120 hp 
© With generator. 


0,83 
16 
18,900 
Large 


1 
800 Redwood sec. 
Crosse flow 


50 
= 
Axial 
1 

5200 

86 

57 

Reaction 
5200 
86 


All above data are test results burning coal based on 80 F inlet air. 


er 
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GAS-TURBINE LOCOMOTIVE DATA 
Brown Boveri Met. Vickers Ruston & Hornsby 
Swiss Loco. Works Met. Vickers Loco proposed 
Brown Bover4 Met. Vickets A 
British Rys. British Rys. 
Oct., 196 July 1947 
Oct.» 1949 Feb. 1952 
2500 3000 
1 1 
1 
1600 
AlA-AlA C-C 
266,890 290,000 
177,920 290,000 
63 67 
50-1 53 
11 - 10 15 
9-3 9 
13 - 12 - 10 
90 
12,400 30,000 : 
64 30 
2500 2850 1070 
2500 3000 = 
Open Open en 
One sheft — One shaft Split turbine 
1110 1300 1340 
4.0 to 1 5.25 to 1 4e15 to 1 
9400 net 17,600 gross 
18.0 about net 9.0 gross e 
33 = 30 
6 - 3 -9 8-7 
9-6 6 - 3- 10 
Diesel gen Battery, 96 v Battery 
50 22. = 
60 50. 
0. 0.725 0.596 
18 21.5 » 
19,500 19,760 


Cross flow None Plate 
1 2 Sections 
42 78 
Axial Axial, 50 r cont reac. 
20 1s pe Pes 
5300 11,400 
86 - 62.5 — 
61 

Reaction Axial flow Axial rr 
5 2 

5300 7000 11,400 
86 


Large Plame tube walled 
1 6 


Distillate or residual 


800 Redwood sec Gas oil 


Natural Air on disk faces 


162 
i 
| 
2 
6000 
85 
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C.A. Parsons & Co. 
N. British Loco Co, 


None 
Ministry Fuel « Power 
1951 


1600 
1 
Mech drive 


— gear box 
13. 


5,000; 30,000 
at oO 


ee 


1800 
oOpen® 
Split turbine 
1300 to turbine 


b 10 
about 
about 


about 12 —= 
Diesel eng. be 


el -. . 
o> 
Very large 

1 

Coal 


(Heater) 
Cross flow 
1, 1560 F max, 


TABLE 1 (Continued) 
General Blectris 
General Electric 
General Electric 
General Electric 
Pilot model 
Nov. 14, 1948 
00 


Allis-Chalmers 

Proposed-Alco 

A-C and GE 

Loco. Dev. Com. 

Turbine Unit now 
Under test 


Diesel gen. 
79.5 (4121 hp) 
52.0 (4121 hp) 
0-95 (4121 hp) 
21 (4121 hp) 
13,300 


Metal-film cooled 
2 


Coal 


Cross flow 


52.66 


Axiel 
21 


Axial-reaction 


700 
767 


General Blectric 7 
General Electric 
General Eleotric 

Union Pacific 

Deo. 1950 

Jan. 1952, lst. of 4 
4500 


Bunker C 


Westinghouse Elec. 
Westinghouse Elec. 
Westinghouse Eleo. 
Westinghouse Elec. 
1948 
1949 
4000 


Passenger 
100 
52,800 


12 
Distillate or residual 


None 


163 
644,000 500000 620,000 77 10 
262,000 514,000 a3. 8 83-7 9 4 
68 - 6 132 4 68 - 1 62 - 
about 53-9 115 - 8 9 . 
about 13 -O | 15 - 6 10 7 10 - 
8-8 15 - 5 
- 2nd 69.0 05 ,000 
100 ,000 23 
13.6 
Open One shaft One shaft d 
1300 
5.9 to 1 J 5.85 to 1 ye 9,760 je 
5.55 5.55 28 - 11° 
39 - 10 13 - 8 3-6 
Metallic 
aa 
al = 
Axial ial Axial 
86.7 62.8 82.8 66.1 - =~? 
| 6900 6900 P 
wheel space Air wheel space Air 
4 


4 


3 All but the Parsons unit use electric transmission. 
4 All have axial-flow turbines and compressors, 


5 All of these locomotive turbines follow closely designs which 
are currently in use as stationary power plants, 


Owing to the part-load characteristics of the gas turbine, all 
of these locomotives are designed for road service, to handle 
trains in through service. In the early days of the Diesel loco- 
motive the first dozen units were put into switching service be- 
cause of their economy when operating at light loads, as well as 
at full load 
is first placed in that class of service which utilizes its most 


It is noted that, in each case, the new type of power 


economical range. 

The emphasis on the coal-burning gas turbine for locomotive 
service should be noted, One experimental project is under way 
in Canada at MeGill University, and at least five projects of 
various kinds are in progress in England, including Parsons, 
english Mleetrie, Metropolitan Vickers, John Brown, and Ruston 
and Hornsby. These developments are applicable to stationary 
as well as to locomotive installations. There is also intensive 
development work now going on to solve the problems involved 
in the burning of residual oils, The Brown Boveri locomotives 
appear to be the only units which can handle this type of fuel 
without difficulty at this time because of their relatively low 
turbine-inlet temperature, 1110 FF. These units obtain satisfac- 
tory thermal efficiency through the use of regenerators and high- 


efficiency turbines and compressors. 
Brown Bovert Unirs 


Today, after eleven years, the first gas-turbine locomotive is 
still in service on Luropean railways. The design of this loco- 
motive was so fundamentally correct that no major changes were 
made when Brown Boveri built the second unit which is now 
operating in England, Fig. 2. 
shaft turbine with one axial compressor supplying an axial turbine 
through a regenerator a single large combustor. This 
combustor is especially designed for burning a selected heavy fuel 


Both locomotives have a single- 
and 


oil and the regenerator aids in improving the plant efficiency 
This tem- 
perature was kept low in the first unit because high-tempera- 
ture alloys were not available. In the second unit a similarly 
low temperature was used in order to prevent the severe attack 
of vanadium upon the turbine blades which is encountered at 


despite the relatively low turbine-inlet temperature 


high temperatures, 

Space limitations must be considered in adapting a conventional 
With British clearances, 
2500 hp is close to the upper limit for the use of such a regenera- 


regenerator to a locomotive gas turbine. 


TRANSACTIONS OF THE ASME 


Brown Bovert 2500-Ie Locomotive tn Service in ENGLAND 


FEBRUARY, 1953 


tor. Inthe United States, the Allis~Chalmers 4250-hp locomotive 
turbine, now under tests by the Locomotive Development Com- 
mittee, uses a 52 per cent effective regenerator, and can fit within 
most United States railway clearances. The usefulness of the 
regenerator in locomotive service is questioned by some designers, 
and actual operating experiences will tell whether or not they 
will be used in the future. 
Merrovourran Vickers Company, Limirep 

This is the first British-built gas-turbine locomotive and it 
As shown in Fig. 3, it 
is the only gas-turbine locomotive which uses six traction motors 
on two six-wheel trucks. It is the most powerful locomotive 
now in use in England and it has the lowest weight ratio in pounds 
per horsepower of any self-propelled locomotive in main-line 
service today, This demonstrates in practical fashion one of the 
points which has been emphasized by advocates of the gas tur- 
‘this type of power plant allows more horsepower to be put 
This is 


possesses a number of unique features 


bine 
into a single cab than does the Diesel-electric system. 
also the first locomotive to be powered 100 per cent by a gas 
turbine. All others pow 
small Diesel auxiliary set for hostling and starting 

The Metropolitan-Vickers locomotive was designed to handle 
IS passenger cars with a total trailing load of 730 tons, and a 
maximum grade '/3, on the line between London and Plymouth. 
The locomotive also is capable of handling the lightweight freight 
trains normally found in [ngland. It should be pointed out 
that two of these 2500-hp locomotives placed in multiple would 
have plenty of power to handle either fast freights or high-speed 
passenger trains in the United States. 


in use or under construction use a 


(. A. Parsons anp Company, Limirep 

In December, 1945, C. A. Parsons and Company, Ltd., put 
into operation at its Heaton Works the first British industrial 
gas turbine. This 500-hp unit subsequently has been in experi- 
mental operation burning many kinds of fuel, including heavy 
oil and pulverized coal. The locomotive now being designed 
by Parsons, Fig. 4, proposes to use the exhaust-heated cycle in 
which the compressed air is heated in a large heat exchanger, and 
the fuel is burned in the turbine exhaust. It has the advantage 
of giving clean air to the turbine, but it puts a heavy load upon 
the heat exchanger. Parsons proposes to use pulverized coal in 
its combustion chamber, and to use an air cleaner before the hot 
side of the heat exchanger. The temperature at the inlet to 
the heat exchanger will be 1560 F, and the heater itself will be 
built to withstand at least 1600 F, to take care of possible tempera- 
ture fluetuations. 
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Fic. 3) Merrorourran Vickers Locomoriys Tue 


CLEANING CHAMBER HEATER AIR INTAKE FILTERS ON EACH SIDE 


COMPRES 
WORK TURBINE mit / STARTING MOTOR Ol. FUEL TANK 
| 
MAIN GEAR BOX | | COMPRESSOR =| CLEANING DOOR DIESEL COOLING WATER 
\ 


COMBUSTION 
CHAMBER 


WASTE HEAT BOILER 
FOR TRAIN HEATING 


TURBINE DRIVING TURBINE COMPRESSOR MAIN AIR COMPRESSOR 
EXHAUST INLET OucTs 
MAIN, WATER TANK 


PLAN VIEW (HEATER AND MIXING CHAMBER OMITTED) AIR FILTERS 20 HP AUXILIARY DIESEL 
AND GENERATOR 
hic. Design or Locomotive Using C. A. Parsons ann Company Tursine Wrrn Mecuanicat Drive 


The turbine will be of the two-shaft type with one turbine Ruston anp Hornspy, Livrrep 
iriving the axial compressor and a second turbine driving the as ‘ = 
a wa This company has made extensive tests with a 1070-hp— 

. ; Seine ioe as-turbine plant coupled to a 750-kw generator, Fig. 5 
experimental work on a similar cycle also is being carried out 
at the Ste. Anne de Bellevue Laboratory of MeGill University, 
under the direction of Prof. Donald Mordell. This installation 
uses a Rolls-Rovee Dart propeller-drive turbine which has been 
fitted with a reduction gear and a loading device, An external 


consideration is being given to using this turbine in locomotive — 
service, pertinent data are given herewith. The unit is similar 
to the Brown Boveri design in that it has a regenerator and a_ 
single combustor designed for burning residual fuel, but it is 
eyelone combustion chamber is contemplated, which will use unique in that it has a free-power turbine. Owing to the rapid 

crushed coal, and will heat the turbine-exhaust air to such a — %eeleration of the gas-turbine unit, not more than 5 minutes from 

temperature that, in passing through the tubes of the heat ex- starting to full power, this company does not propose to use a— 
changer, this low-pressure air can raise the compressed air to 1300 — ‘Diesel generator set for starting but, instead, will start by motor- 

F. Work on the combustion aspects of this problem has been un- — izing the generator from a storage battery, The manufacturer” 
der way for some time in the Ottawa laboratory of the Canadian — believes that the free-power turbine eventually can be used to 


Buresu of Mines. advantage ina direct mechanical-drive locomotive 
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Fic. 6 Generar Eveerric Locomotive on THE UNtoNn 4 N Orper or Ten 


Fig. 7 Generar Evectric Locomotive TurBINnE 
» one of these units can be replaced with another in the locomotive in only about 10 hr.) _ 
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LocomoTivE DEVELOPMENT CoMMITTEE OF BrrumMINOUS COAL 
Researcu, Ine. 


The work of this committee has been widely publicized since 
its inauguration in June, 1945. The objective was the develop- 
ment of a road-locomotive power piant which would use pul- 
verized coal in the open-cycle gas turbine, and achieve an econ- 
The experi- 
mental work has covered the burning of coal in many sizes and 
In addition, various types of pulverizers, 


omy which would be superior to that of the Diesel. 


types of combustors. 
coal pumps, fly-ash separators, and so forth, have been designed 
and tested. Much knowledge has been gained, consisting, in 
part, of learning what not to do. It is hoped that those in other 
parts of the world who are interested in burning pulverized coal 
in the open-cycle gas turbine will benefit from the Locomotive 
Development Committee’s experiences. 

All experimental work has been done by having the pulverizing 
equipment adjacent to and coupled with the coal-burning equip- 
ment. It is probable, however, that when coal-fired gas turbines 
are operated in large numbers, they will carry prepared coal on 
board. This should enable such locomotives to be built at first 
costs comparable with that of the oil-burning gas-turbine loco- 
motive and the Diesel-electric. The activities 
of the Locomotive Development Committee have been concen- 
trated on coal-burning tests of its 4250-hp Allis-Chalmers 
turbine. This unit was installed at the Dunkirk laboratory 
late in 1950, and the initial operating problems consumed a 


most recent 


number of months. The official acceptance test was run on 
September 28, 1951, during which the unit exeeeded its rated 
output of 3750 hp, based upon 80 F ambient-air temperature, 
by 13.5 per cent when burning Diesel fuel. The turbine was 
immediately put into coal-burning operation, and a preliminary 
run totaling 178 hr was carried out. The unit was then inspec- 
ted carefully, and a number of minor but persistent difhiculties 
were overcome. The unit hes been reassembled and is now on 
high-load high-temperature test; 260 hours of a projected 750- 
hour test period have been completed at this writing, with more 
than 75 per cent of the operating time at power outputs above 
3000 hp. Fig. 1 shows the equipment used during this test. 

It should be noted that wide publicity has been given to the 
activities of the Locomotive Development Committee in mar 
magazines for the past six vears. A complete record, of course 
has not only been kept by the committee, but each year Mr, John 
I. Yellott, Director, together with his associates, has delivered 
the Midwest Power Conference 


a Progress Report before 


GENERAL Evecrric COMPANY 
The General Electric experimental gas-turbine locomotive 
mentioned previously went into service on Western lines early 
in 1949. 
miles before it was returned to its home plant at Erie, Pa., 


It was operated under all kinds of conditions for 110,000 
special tests. This locomotive has been an extremely usefu 
“guinea pig,”’ and it has proved beyond doubt that the g 
turbine locomotive has a place on American railroads, just 
the first Brown Boveri unit proved that European railro: 
could use this type of motive power effectively. 

The General Electric design shown in Figs. 6 and 7 utili 
a single 4500-hp aircraft-type Gpen-cycle gas turbine. Air 
taken in through filters in the side panels of the locomotive, 
shown in Fig. 6, and a silencer is fitted around the compressor 


4 Refer to Proceedings of the Midwest Power Conference; vol. LX, 
1947, pp. 319-327; vol XI, 1949, pp. 360-375; vol. XII, 1950, pp. 
419-433; vol. XIII, 1951, pp. 97-120. The 1952 Proceedings have 
not yet been published. However, the name of the organization 
has been changed to the American Power Conference. Headquarters 
of the Midwest Power Conference are at the Illinois Institute of 
Technology Chicago Til 
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intake within the cab. The turbine exhausts up through the roof 
of the locomotive and deflectors were installed during the early 
tests to direct the exhaust stream toward the rear of the train 
No difficulty was experienced in operating through long tunnels, 


and it proved that it could handle longer and heavier trains than 


those normally drawn by Diesel-electric locomotives rated at the 


same power, The running gear of this locomotive consists of 
four 4-wheel trucks. 

The General Mleetric unit has made an excellent showing when 
it is supplied with vanadium-free oil, When oils of high vanadium 
content were used, difficulties were experienced owing to the 
corrosion of the high-temperature parts of the turbine by the , 
No over- 


vanadium compounds released during combustion 


all solution to this problem has yet been feund, although it is 


being attacked in a number of different ways 


Because of its relatively moderate inlet temperature, 1280 F, 
at full load, the thermal efficieney of the plant at full load is held 
The relatively high speed which 


to approximately 17 per cent. 


is required by the single-shaft design at partial loads results in 
high fuel consumption at idling 
restricted in economic applications to those lines which have 
large quantities of residual oil available at low cost. The first 
large-scale application of this locomotive is now being made on 
the Union Pacific Railway and the results will be watched with 
great interest 


The locomotive is thereby 


WesTINGHOUSE ELECTRIC COROPORATION 


The 4000-hp Westinghouse locomotive, shown in Fig. &, was 
Since then it 


first in operation on the Pennsylvania Railroad. 


Insipe View or Westincuouse Locomotive Unper Cone 
STRUCTION SHOWING One TURBINE IN PLACE 
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& has been on the Missouri Kansas & Texas and possibly other 
western railways. ,This locomotive is notable because of its use 


of twin turbines in a side-by-side arrangement. One of the tur- 
bines exhausts through a waste-heat boiler, which is the first 
application of this idea in railway circles. The other turbine 
exhausts directly through the roof. Both turbines are of the 
aircraft type using an axial-flow compressor with can-type com- 


bustors. This arrangement has the benefit of simplicity and 


flexibility but it eliminates the possibility of using a regenerator, 
and thus restricts the obtainable cycle efficiency. 
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Various types of heavy fuel oil have been tried in this locomotive 
and it is being used to some extent as a fuel laboratory to help 
determine and establish the necessary specifications for heavy 
gas-turbine fuel oil. A Westinghouse representative has stated 
that the only fuel specification has been a jow-sulphur residual 
with a maximum of 0.5 per cent ash, with the vanadium-pentoxide 
content of the ash not to exceed 15 percent. Various combustion 
tests are being carried out to determine the effect of additives but, 
at the time of writing this paper, Westinghouse had not officially 
adopted their use. 


| 


(Photo by 


The New York Times.) 


Gas-Turbine Progress Report— 


Marine 

By W. A. DOLAN, JR.,! A. A. HAFER,? WASHINGTON, D.C 


INTRODUCTION (1). The engine designed by this company was rated at 10,000 
shp and was quite advanced in design even by today’s standards, 


T seems appropriate after approximately the first 10 years of 
It was a complex-cycle engine with high-pressure, intermediate- 
work in the marine gas-turbine-engine field to review the , 


present status of this prime mover as applied to ship appli- 
cation, As might be expected, the evolution during a decade of 
anything with as many possible variables as the gas-turbine 

valle. age vessel of the Marine Nationale. Work had commenced on the 

engine results in’ an involved and extensive paper. This is a fell in 1940 

especially true when all aspects influencing this development are When Brance teem 
; lhe Bureau of Ships of the U.S, Navy next entered the field by 


considered. It is felt, however, that the lessons learned to date 
; placing an order with the Allis-Chalmers Company for a 3500-bhp “ 


and low-pressure turbines having an over-all pressure ratio of 
11.5 and an inlet temperature of 1562 F to the high-pressure tur- 
bine. Plans were made to install this gas-turbine engine in a- 5 


are so significant as to warrant this detailed analysis. 
The first entry into the marine gas-turbine-engine field was 
made by the Compagnie Electro-Mecanique of France in 1938 


experimental gas-turbine engine in 1940. i, 
It was learned after World War II that the German Navy also i 

had been interested in the gas-turbine engine for ship propulsion, 4 

‘Captain, U. 8. N., Director, Ship Technical Division, Bureau® The firm of Bruckner and Kanis had designed two marine gas- 4 


of Ships, Department of the Navy. ; turbine plants rated at 5000 and 10,000 hp, respectively. The 
? Lieutenant, U.S. N. R., Gas Turbine Project Officer, Bureau of eal led t ee ed ¢ lo boat (2 The 
Ships, Department of the Navy. Jun. ASME atter was Intended to power a high-speed torpedo boat (2) ne 


Contributed by the Gas Turbine Power Division and presented choice of application for this engine would appear to have been a 
at the Fall Meeting, Chicago, Il, September 8 - 11, 1952, of Tue — good one inasmuch as all large marine gas-turbine engines which 
American Society or Mrs BANICAL ENGINEERS. have performed afloat to date in naval service, have been for this 

Nores: This is paper No. 52-—F-4A of a Progress Report which the duty 
Executive Committee of the Gas Turbine Power Division authorized type o S uty. be . 
at its 1951 Annual Committee Meeting. The series includes the A milestone was reached when on July 14, 1947, the British 
following: ‘‘Introduction,”’ by R. Tom Sawyer, paper No. 52-—F-1A; Navy's MGB 2009 (later the MTB 5559) put to sea with gas-tur- 
‘Materials, Cooling, and Fuels,”’ by A. A. Hafer, paper No. 52-—F-1B; 
“Cycle Components,”” by P. F. Martinuzzi, paper No. 52-—-F-1C; 
“Automotive,” by Frank L. Schwartz, paper No. 52-—F-2; ‘Rail- . 
roads,”” by K. A. Browne, J. I. Yellott, and P. R. Broadley, paper No actively entered the gas-turbine field at a relatively late date 
52-——F-3; ‘*Merchant Vessels,’’ by W. A. Dolan, Jr., and A. A. Hafer, The contract for the Gatric gas-turbine engine used in the MGB 

paper No. 52—-} 1B; 5 Naval Vesse Is, by W.A. Dolan, Jr., and \. 2009 was not placed until August, 1943 (4) The fact that this 
A. Hafer, paper No. 52--F-4C; ‘Stationary Electric Generation, 


bine engine providing part of the propulsive power (3). Fig. 1 
shows this boat under way. Actually, the British Admiralty 


gas-turbine engine was the first to be installed afloat may be at- 


by Lee Schneitter, paper No. 52-—-F-5; ‘Industrial,’ by L. N. Rowley : 
and %. G. A. Skrotzki, paper No. 52-—-F-6; ‘‘Aviation,”’ by I. H tributed to the adaptation of a simple-cycle aireraft turbojet 
Driggs and O. FE. Lancaster, paper Ne. 52--F-7. engine to marine service. 


The present paper, and paper Nos. 52-—F-4B, 52--F-4€, 
dealing with the subject of ‘‘Marine Progress,"’ all by the same 
authors, are to be treated as a group; hence the Bibliography, figure - 
numbers, and numbers of tables run consecutively through the three May 6, 1950. The first vessel to be propelled solely by a gas- 
sections. turbine engine was a 24-ft plane-personnel boat powered by a 

Statements and opinions advanced in this paper are to be under- 
stood as the individual expressions of the authors and not to be 


Fig. 2 shows the second vessel embodying gas-turbine engines 
This is the English launch Torqguil which commenced trials on 


Boeing engine which was developed for the Navy’s Bureau of 


construed as official or reflecting the views of the Navy Department, ? Numbers in parentheses refer to the Bibliography at the end 
of the Naval Service, or of the Society. of the third paper, No. 52--F-4C. 
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Ships. This boat, shown in Fig. 3, started trials on May 30, 1950. 
The fourth gas-turbine-engine-propelled vessel was the British 
Admiralty launch HL 3964 shown in Fig. 4. The engine in this 
The HL 3964 com- 


The fifth water-borne gas- 


launch is similar to that used in the Torquil 
menced operating on June 18, 1951, 
turbine-engine installation was in a U.S. Navy LCVP, powered 
by the same type engine as that used in the earlier plane-personne| 
boat (5) 

The first vessel ever to be designed and built specifically to 


Fig. 5 shows this boat in operation. 


exploit the advantages of the gas-turbine engine for propulsion, 
18, 1951. 
\ somewhat simi- 


was launched by the British Admiralty on August 
This vessel is the Bold Pioneer (MTB 5701). 

lar boat, the Bold Pathfinder (MTB 5720), 
‘@) September 17, 1951 (6). Both of these boats will be powered by 
two gas turbine and two Diesel engines 


was launched on 


The gas-turbine engines 
are similar to those used in the earlier MTB 5559 except they 
have about double the horsepower (7). 

The first gas-turbine engine installed aboard a naval ship, as 
opposed to the smaller vessels previously mentioned, was de- 
veloped by Solar Aircraft Company for the Navy’s Bureau of 


Ships. This is also the first gas-turbine engine to go afloat for 
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Launcn HL 3964 
N. ¥ 
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Photo by Keystone Pictures, 


Incorporated, New York 


Navy LCOVP 
(Official U. S. Navy photograph.) 


auxiliary service. 
set. 
tion in February, 1951, for installation in a ship which was under 


It provides power for an emergency generator 


This engine was delivered to the Bath Tron Works Corpora- . 


construction at that shipyard (8). 
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(A Shell photograph.) 
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Jev-ENGINE-PROPELLED 


Lucy AsutTon” 


(Photo by European Picture Service.) 


On October 28, 1951, 
powered by a gas-turbine engine completed her sea trials off the 
coast of England. This ship, the tanker Auris (12,250 tons 
deadweight) is owned by the Anglo-Saxon Petroleum Company 
Ltd., of England (9). The Auris is shown in Fig. 6 

It will be noted that all nine of the 
plants installed to date are of the open-cycle type. 
more significant is the fact that all but one of these installations 


the first ocean-going merchant ship 


water-borne gas-turbine 
Perhaps even 


consist of simple-cycle engines. 

The extreme versatility of the gas-turbine engine is demon- 
strated by a very unusual sea-going installation. In the autumn 
of 1950, four Rolls Royce Derwent V turbojet engines were in- 
stalled topside on the Lucy Ashton for main propulsion, as shown in 
Fig. 7. Each of these engines is rated to deliver a thrust of 3600 
lb. This application of turbojet engines to marine propulsion 
was dictated in the interests of full-scale hull-resistance tests con- 
ducted by the British Shipbuilding Research Association. The 
advantage of using this type of engine over any other type is the 
ability of a turbojet engine to provide a steady thrust, capable of 


When the 


engines are mounted beyond the vessel's beam, so as to prevent 


being easily and rapidly changed by simple controls. 


the impingement of the exhaust gases on any part of the hull or 
water, the recorded thrust gives an accurate assessment of the 
It is rather interesting to note that the Lucy 
1888, 


hull resistance. 
Ashton was first put into service in 
steamer (10), 


as a paddle-wheel 


CONCLUSIONS 
The gas-turbine engine has now progressed to the point where 
its use is advantageous in a number of naval applications. These 
include smal] short-range boats, landing craft, PT 
gency power generation, and portable power equipment. 
ter gas-turbine engines combined with base-load Diesel, steam, or 
gas-turbine plants are In general, 
applications but the base-load plant will utilize a 
engine 
For merchant-marine propulsion the gas-turbine 
now economically superior to either the Diesel or 


boats, emer- 


all of these 


also attractive. 


simple-eyele 


plant is not 
steam plant 
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The choice of a prime mover is 
After analyzing such factors 
as engine first cost, maintenance, life, fuel consumption, and cost 


except in special applications. 
basically a question of economics. 


of operating personnel, the type of prime mover most advanta- 
Such an 
analysis in the case of the naval prime mover is somewhat more 


geous for 4 particular installation is usually apparent 


involved as it is difficult to give an economic value to certain 
engine features, 

Any progress made higher turbine temperatures, 
ability to burn residual fuel, or a radical reduction in regenerator 
size will make the use of the marine gas-turbine plant that much 
more advantageous. It should not be anticipated that the gas- 
turbine engine will replace both the Diesel and steam plants in the 
near future, but that it will supplement them. 

It is safe to say that the number of marine gas-turbine engines 
A large 


toward 


in service in several years will number in the hundreds. 
proportion of these will be small naval units. 

There is every reason to believe that progress will continue at a 
We are all aware of the tre- 
mendous activity being carried on by the Department of Defense, 
NACA, and industry in this country, 
bine field will directly or indirectly benefit the other fields, 
may be less familiar with the gas-turbine work now going on in 
In addition to private english concerns, the Ministry 

Admiralty, Nations! Gas Turbine Mstablishment, 


high rate during the next decade, 


Advances in one gas-tur- 
Some 


of Supply, 
National Physical Laboratory, British Electric Authority, Brit- 
ish Railways, Power Jets (Research and Development) Ltd., 
Ministry of Fucl and Power, National Coal Board, Department ot 
Scientific and Industrial Research, Fuel Research Station, and the 
British Coal Utilization Research Association are administering 
or actively engaged in advancing the state of the gas-turbine art. 
There can be little doubt, with this type of interest, but what the 
murine gas-turbine engine has a bright future, 
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Spectal For Marine Gas-TurBINE NGINES 


There are certain peculiarities of the gas-turbine engine which 
require caretul consideration for its most effective utilization in 
marine service, Many of these cousiderations, of course, apply 


ing degrees to the other fields which utilize this 


Therma. 


One of the heaviest burdens the marine gas-turbine-engine 
designer niust bear is the extremely wide range of ambient temp- 
eratures which may be encountered. A ship may operate from 
the tropics to the aretie during its lifetime. The power and ther- 
mal efficiency of a gas-turbine engine are extremely sensitive to 
Variation in ambient temperature and the plant initially should be 
designed with this in mind 

The gas-turbine engine must compete with the Diesel engine 
It is 
therefore desirable to compare the typical efficiencies of thes« 
three types of prime movers, as shown in Table 1, This table is 


It does not represent cither the 


and steam-turbine plant for general marine application 


based on typical existing plants. 
best or worst plant of its type. The figure given is for the design 
load condition and includes gear loss where applicable. The 
higher heating value is used for each fuel 18,500 Btu per Ib for 
residual fuel and 19,690 Btu per Ib for Diese! oil, The ship's 
“hotel load” is not included for any of the three types of plants 
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TABLE 1 TYPICAL EFFICIENCILS OF EXISTING MARINE 
PRIME MOVERS 
Thermal Specific fuel 
Kind of efficiency, consumption, 
heat engine Service Fuel per cent Ib/hp-hr 
Diesel engine......... Merchant Diesel oil 37 0.35 
Diesel engine... ........ Naval Diesel oil 34 0 58 
Steam turbine 
World War II)....... Merchant Residual 23 ow 
Steam turbine 
Postwar) Merchant Residual 25 0 55 
Steam turbine 
(Supertanker)........ Merchant Residual 27.6 0 50 
Steam turbine ; Naval tesidual a4 0 57 
Simple gas turbine” Naval Diesel oil 17.2 0 80 
Complex gas turbine Naval Diese! oil 24 0 35 
Complex gas turbine Merchant Diesel oi! 28 47 


® Large units only. 


‘There was no attempt to compare the three heat engines at the 
sume power rating. 

The addition of regeneration, intercooling, and reheat to the 
simple-cycle engine, singly or in combination, will of course alter 
the thermal efficiency and/or the air rate. The only gas-turbine 
engine to date in marine service with a regenerator is the British 
Thomson-Houston unit installed in the Auris, This engine has 
a tubular regenerator mounted vertically to form part of the 
stack uptake (12). 
trom the standpoint of space utilization 

The addition of either intercooling or reheat to the simple cycle 
has little effect on thermal efficiency until a high pressure ratio is 


This is certainly a desirable arrangement 


used. They both reduce the plant air rate, especially at high 


pressure ratios. Reheat would not be used alone in a marine 
plant, as intercooling is almost as effective and introduces less 
complication (13). Intercooling is attractive for marine use be- 
cause there is an ocean full of cooling water always available (14). 
No gas-turbine engine is now in marine service using either re- 
heat or intercooling. 


COMPARTMENT VENTILATION REQUIREMENTS 


‘Temperatures existing in the gas-turbine engine may be as high 
as 3500 F in the central zone of the combustion chamber, 1500 F 
to the turbine inlet, and from 800 to 1250 F at the turbine ex- 
haust. In addition, in marine gas-turbine engines, where re- 
duction in weight and volume are generally important, large 
quantities of thin sheet metal may be used in the engine. Use of 
lagging methods now commonly employed in steam-turbine prac- 
tice will not be feasible for many gas-turbine-engine hot parts. 
Fortunately, the solution to the lagging and compartment venti- 
lation problem is contained within the gas-turbine plant itself, 

The velocity of the exhaust gas in the stack o! this type of 
engine may be from 200 to 300 fps. By utilizing the energy in this 
exhaust gaits it is possiole not only to solve the heat-rejection prob- 
Jem trom the gas-turbine engine, but also to ventilate the com- 
partment. This eliminates bulky and costly ventilating fans. 
This dual function is performed by fitting an air casing around 
the engine joined to an outer stack surrounding and extending 
above the gas-turbine engine stack, Air is drawn into the engine 
air casing from the compartment by the ejector effeet of the 
exhaust gases, and is passed on out the stack. This ejector 
effect places the engine compartment under a slight vacuum so 
that if there are air openings to the compartment, a constant 
The 


immediate removal of heat rejected from the engine by the air 


circulation of air into and out of the compartment results. 


passing through the air casing has the additional advantage of 
This, 


of course, is due to the tact that the heat does not have the oppor- 


reducing the total Compartment ventilation requirements 


tunity to circulate around the compartment with 4 resultant com- 
partment 
This system of heat rejection is actually an air-flow-insulation 


temperature rise 
system. Information is available which permits accurate pre- 


dictions in designing such a system (15). [t has the same ad- 


’ 
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vantages as the air-tlow-insulation system, namely, reduction in 
weight and volume of insulation, provision of a definite path for 
discarded heat, and the avoidance of high metal temperatures and 
When applied to a 
gas-turbine engine using an ejector, it has the additional advan- 


high rates of radiation in the engine room. 


tage of utilizing waste exhaust energy to circulate the required 
air. 

There are several approaches to the best method of obtaining 
By restricting the flow of the engine exhaust 
gas as it leaves the inner stack we can obtain a good ejector 


this ejector effect, 


This has the undesirable effect of reducing engine power and 
thermal efficiency. Therefore this method ordinarily will not be 
used. Itis interesting to note, however, that this system has been 
investigated in relation to cooling turbojet installations (16, 17). 
The type of stack-ejector system which seems best suited for 
use with a gas-turbine engine was surprisingly enough used on the 
The 
intent of this original system was not for the purpose of ventilat- 
The MTB 5559 had two gaso- 
To prevent 


first marine installation, the MTB 5559, some five years ago 


ing the compartment, however, 
line engines in addition to the gas-turbine engine 
any gasoline vapors from coming into contact with the hot parts 
of the gas-turbine engine, an air casing was fitted around the 
latter (5) 
fan and exhausted up the annulus between the inner and center 
stack. It was anticipated that the ejector effect from the exhaust 
gas would encourage this air flow (4). It was desired to keep the 


Outdoor air was supplied to this casing by a 12! ),-in 


air case under pressure in this case so as to prevent the entry of 
any gasoline vapors, and it was thought that the supply fan 
would perform this function, The ejector effect from the exhaust 
gas proved to be so high, however, that the case originally was 
under a vacuum, This was remedied by fitting two additional 
cowls leading into the air casing (18). 
This system is well illustrated in Fig. 8. It will be noted trom 
this figure that there is a total of three stacks. The annulus 
between the center and outer stack was provided for circulation of 
topside air, The ejector effect drew air in through openings at 
This pro- 
The 


third stack may be dispensed with by installing a thin layer (in 


the base of the stack and exhausted it from the top. 
vided for a very low metal temperature of the outer stack, 
the order ot ' » in.) of aircraft-type jet-engine lagging on the out- 
side of the inner stack and a very thin laver of spraved insulation 
on the outside of the outer stack 

A study made by London and Melntosh of Stanford University 
for the Bureau of Ships indicated that, in a particular installation 
using Boeing gas-turbine engines, it would be possible to ventilate 
the engine compartment solely by the ejector effect. © An investi- 


gation and tests run concurrently at the U.S. Naval engineering 
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l.xperiment Station at Annapolis also established this, “These 
tests also indicated that by such a system the ventilating require- 
ments of the compartment were reduced by some 17 per cent 
over what would have been necessary with « forced-draft system 
exhausting at The 
ejector system also lowered the engine exhaust pressure with a 
This ventilation 


a location other than around the stack. 


slight increase in power and thermal efficiency, 
method eliminated several blowers with a cousequent reduction in 
weight, and a saving of several kilowatts of power, 

London and Melntosh also reported that the ejector effect 
could be improved. if desired, over that of the straight stack, with 
the addition of a diffuser. There is, of course, information availa- 
ble for guidance in designing such a diffuser (19). 


Note ReQuikeMeENTS 


Noise considerations of machinery should be given more careful 
attention in marine gas-turbine engines than perhaps in any other 
The crew, and passengers if carried, must live, eat, 
For- 
tunately, the gas-turbine engine will be acceptable from a noise 
standpoint if proper consideration is given to the design of the 
The air 
standpoint of ventilation, will lend itself effectively to the re- 


application. 
and sleep within close proximity to the machinery plant, 


installation, casing, discussed previously from the 


duction of noise passing through the engine casing. 
ELIMINATION OF From Compressor Ark 


Numerous test reports have indicated the serious effeets on 
plant performance caused by compressor fouling. For land gas- 
turbine engines this fouling is caused by impurities, such as dirt, 
smoke, and oil in the atmosphere, laa series of tests on a 500-hp 
gas-turbine engine made by Joho Brown & Company, Ltd, it 
was found that compressor fouling lowered the compressor etfi- 
ciency from 77 to 73.5 per cent in a 20-hr run (20). This would 
cause an increase in specific fuel consumption of about 10 per cent 

Fortunately, with proper design the marine gas-turbine engine 
will not be subject to the large number of impurities to which its 
land counterpart is exposed. Care must be taken to prevent re- 
circulation of the exhaust gas into the compressor inlet of course 
In addition, no lube-oil vents should be located in the vieinity of 
the intake. 


is not normally experienced in other types of service. 


The marine engine is exposed to one impurity which 
This is the 
salt-luden air, Salt deposition on the compressor blades will re- 
duce compressor efficieney in the same manner as any other type 
of foreign matter. Tn addition, it might be detrimental in the 
combustion process at some future date, 

The first consideration to this problem is to prevent the entry of 


salt spray into the compressor, Fig. 8 illustrates how this was 
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very effectively done in the case of the MTB 5559. By taking air 
suction from a sheltered location topside and passing the air 
through a settling tank it was anticipated that the air would drop 
most of the globules of water in suspension with the air (4). It is 
unlikely that this will remove all of the salt, however. Therefore 
some additional expedient must be provided to prevent salt build- 
The larger the ship the less probability of 
fouling by sea air, as the air intakes will be at a greater height 


up in the compressor, 


above the sea surface 

In the tests run by John Brown & Company, Ltd., it was 
found that by spraying about 2 gal of a liquid (paraffin), into the 
compressor inlet, while running, the compressor performance was 
ulmost completely restored to the design value (20). A similar 
procedure seems desirable for marine service. During the trials 
of the MTB 5559 some 3000 tons of salt air were passed through 
“The company’s (Metropolitan-Vickers) 
previous experience is that washing with fresh water easily re- 
moves the salt and restores the performance (21).” The com- 
pressor inlet of the gas-turbine engine in the MTB 5559 is fitted 
with five equally spaced nozzles contained in a sprayer ring as- 
sembly. Ten gallons of water are injected through these nozzles 
in from 2'/, to 5'/, min every 3 to 12 hr, depending upon drop in 
engine performance. Distilled water is used when obtainable, 
but very often fresh water is used. “This frequent water in- 
jection maintained the horsepower and specific fuel consumption 
at a fairly steady level (22).”’ The sprayer nozzle holes were 
plugged with rust during one period of operation and a sharp drop 
in power was caused by running in fog for several hours (22). 

The only method actually of preventing the entry of any salt 
into the engine is by some such device as an electrostatic precipi- 
tator. Such a device has the disadvantage of increasing the 
weight and volume of the installation and also requires power to 
operate, 

Operating experience of the Auris and MTB 5701 and 5720 
undoubtedly will furnish additional information as to the best 
method of preventing or minimizing salt deposition. 


the gas-turbine engine. 


REVERSING Metuops 


4 When the gas-turbine engine was first considered for marine 
propulsion there were serious misgivings as to how the reversing 
requirements of the ship could be handled. As often happens, 
time has shown that these misgivings were largely unfounded. 
There appears to be little likelihood that reversing for a gas-tur- 
bine-engine-propelled ship will be handled in the same manner as 

There 

have been several “trick”? cycles proposed which, by means of 


for a steam plant, that is, by a separate astern turbine. 


suitable clutches, would provide reversing power without a 
separate astern turbine (1, 23). The four reversing methods 
which seem best suited for use with the gas-turbine plant are as 


follows: 


ih 
1 Direct-current electric drive. 
a 
Alternating-current electric drive. 
Mechanical reversing gear. 


Controllable-pitch propeller. 


£ Direct-Current Electric Drive. Because of the high first cost, 
low efficiency, and large weight and space requirements, the 
direct-current electric drive will rarely be used with the gas-tur- 
bine plant in marine service (24, 25, 26). 

Alternating-Current Electric Drive. The cost and weight of this 
system compares favorably with mechanical drive unless it also 
requires a reduction gear. llowever, the lower efficiency of this 

system, which may reduce the cycle efficiency by approximately 
3 per cent, will dictate its choice only for special classes of vessels 
such as tankers or dredges, where a large deck-machinery load is 


required. When this requirement occurs simultaneously with 
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propulsion, it is even more advantageous. A reduction gear will 
have to be employed with this system unless much higher elec- 
trical frequencies are used than is now general practice (26, 27, 28, 
29). 

Mechanical Reversing Gear. This method offers a very satis- 
factory solution to the reversing problem, especially at the lower 
Reversing is accomplished with a mechanical reversing 
gear in the two marine gas-turbine installations made to date in 
this country, that is, the Boeing powered LCVP and PPB. A 
promising development in the reversing-gear field isthe adaptation 
of the epicyclie gear for this service. It can be operated with 
simple foolproof clutching mechanisms and has the same effi- 
ciency as a conventional double-reduction gear (29). Many 
companies throughout the world now build this type of gear. 
Approximately 3000 reverse reduction gears were used during 
World War II by the U.S. Navy, ranging in rating from 750 to 
1600 shp per unit. There is no lower limit to this type of gear 
and the upper limit has never been determined, although one 
manufacturer has studied the application of a 6000-shp reversing 
gear (24). 

Controllable-Pitch Propeller. Perhaps the most controversial 
of the reversing methods is the controllable-pitch propeller. 
Fortunately, a number of authoritative papers have been pre- 
sented on this system which allow a good assessment of the merits 
of this device (26, 30, 31, 32). The controllable-pitch propeller 
is not a new device—one was installed on the 450-hp motor tanker 
Poseidon in Holland in 1915 (29). Today, companies in the 
United States, Switzerland, Sweden, England, Denmark, Nor- 
way, and Holland are producing this type of propeller. 

The U. 8. Navy became interested in the controllable-pitch 
propeller in 1940 and installed one on a 250-hp Diesel tug. The 
highest-powered controllable-pitch propellers ever designed were 
installed on the USS Dahlgren (DD187) in 1941. These propel- 
lers were to absorb 14,000 shp each, but owing to lack of time and 
insufficient design data available at that time, would only absorb 
11,000 shp. Even so the preliminary test results were encourag- 
ing for such an ambitious undertaking, but were cut short by the 
urgent military need for the vessel at that time. The U.S. Navy 
also installed controllable-pitch propellers on 1100 L.C.1.’s and 
100 P.C.’s (both twin-serew vessels) during World War IT. 

About 150 merchant snips have been fitted with Swedish-made 
controllable-pitch propellers. The highest-rated controllable- 
pitch propellers now in use are on the Los Angeles, a 7200-ton ship 
with 7000 shp per shaft. It is interesting to note that while 
operating at the same power, the trial speed of the Los Angeles 
was about '/, knot faster than her two sister ships, the Seattle and 
Golden Gate, which were equipped with fixed propellers (33). 

The reliability of the controllable-pitch propeller would seem 
to be satisfactory. Over 100 Kamewa propellers covering all 
powers up to the 7000-shp previously mentioned, have been in 
operation for about 15 years without any breakdown to the hub 
mechanism (33). . Rear Admiral W. D. Leggett, Jr., USN, has 
reported that the controllable-pitch propellers used on the L.C.1.’s 
during World War II often suffered damage to the blades when 
making landings around coral reefs (as did the fixed-blade pro- 
pellers in the same service), but rarely harmed the hub or oper- 
ating mechanism (34). The U.S. Navy also has been operating 
three tugs fitted with controllable-pitch propellers for about 5 
years without difficulty. The twin-screw 3200-shp towboat 
Delta Cipies, equipped with controllable-pitch propellers, is now 
operating on the Mississippi River. The small lake vessel Etzel, 
equipped with an Escher-Wyss controllable-pitch propeller, has 
been in constant service for over 14 years with continued de- 
pendable operation (32). The Suecia (3500 hp per shaft), also 
equipped with controllable-pitch propellers, has given dependa- 
ble service for about eight years. 


powers, 


ave 


DOLAN, HAFER —GAS-TURBINE PROGRESS REPORT—MARINE 


GAS TURBINE DATA BASED ON t; = 80°F ,t, =|500°F, 
Ne #84%, Ncc= 100%, = 85%, p.r.=7; NEGLECT OF 
MECHANICAL LOSSES & INTERNAL PRESSURE ys) 


OUTLET 


= 


—— INLET 


GAS TURBINE 


DIESEL = 


~ 


or INLET AND Ex- 
HAUST PressuRE Drops on Per- 
FORMANCE OF A SIMPLE Open- 
Cyc ie Gas-TuRBINE ENGINE AND 
or Typicat Diese, ENGInes 


hia. 9 


olf 


(Courtesy reference 5.) 


| OUTLET 
INLET 
GAS TURBINE 


DIESEL 


v@ras 


tte 


POWER DECREMENT% OVERALL EFFICIENCY DECREMENT% 


There is little doubt but that this type of propeller does give 
excellent backing characteristics. Vice Admiral Ek. W. Mills, 
USN (ret.) has related his experience with the backing character- 
istics of a small boat fitted with a controllable-pitch propeller 
made by S. Morgan Smith Company. He was standing in the 
stern sheets of the under-way boat when the operator changed the 
pitch of the propeller without slowing the engine down, In 
Admiral Mills’ own words, ‘I took a header right from the back of 
that boat clean over the bulkhead and the engine!’ (35). 

Under certain operating conditions the efficiency of the con- 
trollable-pitch propeller is superior to the fixed propeller, but this 
is not generally true. The reduction in propulsive efficiency in- 
troduced by the controllable-pitch propeller is approximately of 
the same value as the losses caused by the astern stages of a steam 
turbine (36). 

The reversing feature of the Elliott gas-turbine plant which was 
to have been installed in the Liberty Collier XC2-G-AW2 was to 
have been a controllable-pitch propeller. Other United States 
vessels operating with this type of propeller include the Single 
Hitch, Albatross [1], Commercial Clipper, USS Apohola, and USS 
Chononaga. 

Most gas-turbine authors have expressed a preference for 
either the controllable-pitch propeller or mechanical reversing 
gear, to provide reversing (13, 26, 31, 32, 37, 38, 39). The final 
choice between these two methods will probably depend upon 
economic factors. One such study indicates that the mechanical 
reversing gear is preferable up to 3000 shp and the controllable- 
pitch propeller above 6000 shp. Between these two ratings 
either method is acceptable (26). Other factors such as employ- 
ment of the ship and type of cargo carried also will influence the 
final choice for each particular vessel. 
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Ducr CONSIDERATIONS 


The adverse effect on output and efficiency of extensive ducting 
with numerous bends in a complex-cyecle gas-turbine plant is well 
Pressure losses in either the compressor inlet ducting or 
exhaust ducting is also serious as shown in Fig. 9. If it is desired 
to maintain the same power reduction resulting from duct losses, 
the gas-turbine plant ducting must be about six times as volumi- 


known, 


nous as that of the Diesel engine (5). It has been suggested that 
the compressor-inlet velocity might be 60 fps and the exhaust 
velocity 120 fps (13). The higher the inlet and exhaust-duct 
velocities the smaller these ducts may be, but with a resultant in- 
crease in power loss and noise level. The foregoing figures can 
hardly be termed limits, however, as the exhaust volute velocity 
of the gases in the MTB 5559 were given as 340 fps, with a some- 
An inlet-duct 
area of 2'/, sq ft per 1000 hp also has been suggested which, al- 


what lower velocity at the top of the stack (4), 


though slightly in excess of 60 fps, seems reasonable (37), 

The exhaust-stack diameter for a 15,000 shp single-stack gas- 
turbine plant would be acceptable for cargo vessels with present 
beam dimensions (38). Naval ships are likely to require more 
than one stack if all or a large percentage of their installed horse- 
power is in the form of gas-turbine engines. Most large naval 
vessels now have more than one stack, It will be desirable to 
integrate provisions for the compressor inlet air opening into the 
design of the vessel. It also will be desirable, from the stand- 
point of minimizing duct losses, to have the gas-turbine engine 
located as high in the vessel as possible. Thought should be 
given in locating the engine room to enable both the com- 
pressor inlet and the exhaust ducting to be as free of bends as is 


feasible. 
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 Gas-Turbine Progress Report— 


Merchant Vessels 


By W 


ReQuIREMENTS 


NEVERAL studies have indicated that the gas-turbine engine 
S is most effective in the 5000 to 10,000-hp power range 
Therefore, to evaluate the prospects of the gas-turbine 
engine as a prime mover in merchant vessels it should be deter- 
mined what powers are generally required, Table 2 lists powers 
found in a number of United States cargo ships, and Table 3 
shows recently ordered or built passenger ships 


ARGO SHIPS 
Hp per shaft No 


TABLE 2 ¢ 
Type 
Liberty ship 
‘2-SE-Al tankers 
, AP2 Victory 
"3, AP3 Victory 


PASSENGER SHIPS 
Hp per shaft) No. 
10000 


TABLE 3 
Name 


P2 transports 
Oslofjord 

Cote d’ Azur 
Stockholm 
Rijndam 
Pretoria Castle 
USS Barrett (AP196) 
Rhodesia Ca tle 
Himalaya 
Huahine 
Aureol 
Normannia.. 
Kenya 


2 
2 
» 
2 

> 


It can be seen from Table 2 that the power requirements for « 
number of cargo ships fall within the optimum power range o! 
the gas-turbine engine. All of the listed vessels are single-screw 
drive. Table 3 indicates that many of the recent passenger 
liners also have powers within the optimum range for a gas-turbine 
plant. 

During 1951, 70 per cent of the merchant ships built in Pngland 
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had Diesel engines for main propulsion 

68 per cent of the new gross tonnage built throughout the world 
was Diesel-powered. Perhaps more surprising is the fact that the 
power of 22 of these Diesel-powered ships exceeds 10,000 hp and 
the largest, the Giulio Cesare, has a main propulsion plant of 32,- 
000 hp. 
had main propulsion plants in the 6000 8000-hp range (40). 
This trend toward Diesel-powered ships is not new; during the 
first nine months of 1948, 68.5 per cent of the vessels between 6000 
and 8000 tons were Diescl-powered, and 74.5 per cent of the 
vessels between 8000 and 10,000 tons were so propelled (41). 


The majority of merchant ships built during 1951 


Therefore the prime competitor of the gas-turbine engine in the 
merchant-marine field is the Diesel engine. 

Fortunately for the gas-turbine engine the merchant ship 
operates for the majority of its life near full power, and therefore 
nigh part-load efficiency is not important (38, 42). 

Life requirements of a marine engine for mercantile purposes 
For a 
merchant ship averaging 200 days at sea each year this would 


is usually considered as a minimum of 10 years (43). 
equal about 50,000 ir, At least one marine gas-turbine engine, 
the Allen 1000-kw turbogenerator set has been designed for a 
total life of 100,000 br (44) 
the life of the merchant vessel gas-turbine engine be 10,000 hr 


It has been proposed recently that 
or 2 years, with replacement at that time (30). Since the gas- 
turbine plant in this case would have only one fifth the life of 
the steam or Diesel plants, it is seriously questioned if it) would 
be economically competitive, 
The requirements of the marine propulsion plant in order of 

importance have been listed by Sawver (5) as follows: 

Maximum reliability, 

Minimum operating fuel cost 

Minimum first cost 

Minimum maintenance and operating personnel cost 

Maximum maneuverahility, 

Minimum weight 

Minimum volume 

The reliability of any prime mover can be proved only by 

service, Fortunately enough, service perience has and is 
accumulated to make an assessment of the reliability of the 
The British MTB 5559 obtained 
dependable service from the gas-turbine engine while visiting a 
number of Scandinavian and British ports in 1949 (45). The 
first merchant gas-turbine-propelled ship, the Auris, covered 


marine gas-turbine engine. 


13,211 nautical miles with the gas-turbine engine operating 1391 
hr on its first voyage. “On no oceasion Was it necessary to stop 
the turbine at sea, nor had repairs to be effected at any of the 
ports visited.”’ (416) 
ing record of the Oklahoma Gas and Electric Company's first 


Perhaps even more signilicant is the operat- 


gas-turbine engine which, so far as is known, has operated longer 
than any other gas-turbine plant in the world (in excess of 20,000 
hr since 1949). 

A survey made early in 1950, of the first 4 months of operation 
of the four prime movers most recently aequired by that company 
showed that this gas-turbine engine had no hours of forced out- 
age, a steam’ topping turbine had 145 hr or 5 per cent foreed 

3 Numbers in parentheses refer to the Bibliography at the end of 
the third paper, No, 52--F-4¢ 
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outage, a gas Diesel-engine unit 286 hr or 10 per cent, and a 
condensing steam turbine 592 hr or 20 per cent (47). In the 
first 4200 hr of operation this gas-turbine engine had no forced 
outage (48) 
this gas-turbine engine “was much smoother all round than for a 
During the first 20,000 hr of 
operation of this gas-turbine engine only two forced outages have 
been reported, and both of these were caused by auxiliaries, One 
outage was for less than | brand the other for a few hours’ dura- 
tion. 

The engines of both the MTB 5559 and the Oklahoma Gas 
installed 


It has been reported that the initial start-up of 


boiler and steam turbine’’ (49). 


and Hlectric Company’s first unit (a second unit has bec) 
recently) were simple-cycle engines. The gas-turbine engine 
installed in the Auris had the additional complexity of a regenera- 
More coraplex cycles inherently will have less reliability, 
but it is not now known how various forms of complex-cycle 


tor. 


gas-turbine engines will compare with the steam plant and Diesel 
engine 

Table 1* indicates relative efficiencies of the three types of 
prime movers. Whereas the steam and complex gas-turbine plants 
have roughly the same thermal efficiency, the ability of the steam 
plant to burn residual fuel gives it a fuel-cost advantage over 
the gas-turbine plant in the ratio of 3 to 2 (50). 
fuel consumption of the Diesel is about 25 per cent less than the 
that the 
low-speed large Diesel engine can burn residual fucl satisfactorily 
There were 100 Dicsel- 


The specific 


gas-turbine engine, It also has been demonstrated 


with some provisions (51, 52, 53, 56). 


~ powered ships running exclusively on residual fuel in 1951, with 


600 under contract (54). Inasmuch as the gas-turbine 
engine cannot now burn residual fuel, unrestricted as to source 
1200 F, it 
a serious fuels-cost disadvantage in relation to the Diesel engine 
(5, 11). 

The marine gas-turbine plant is so new that it is difficult to 
It may be 
stated safely that the installed cost of the simple-cycle gas-tur- 
The 


complex-cyele gas-turbine plant probably will fall between the 


more 


at turbine-inlet temperatures above about suffers 


compare first costs with the steam and Diesel plants. 
bine engine will be less than either the steam or Diesel plant. 


steam and Diesel plant, depending upon the amount of complex- 
ity of the gas-turbine engine. 

In maintenance the gas-turbine engine should be superior to 
both the steam and Diesel plants, Turning again to the Okla- 
homa Gas and Electric Company's unit it has been reported: 
“Little maintenance has been necessary on the unit and all work 
(55). 
the Auris gas-turbine plant also have indicated that the gas-tur- 


has been done by regular plant forces.” The owners of 
bine engine will be superior to both the steam and Diesel plant in 
respect to maintenance (46). As the gas-turbine engine lends 
itself admirably to automatic control it should require less operat- 
ing personnel than the other two types of prime movers. 

The maneuverability of the gas-turbine engine has been demon- 
strated thoroughly in locomotive service, central station, industrial 
The 


gas-turbine engine is far superior to the steam plant in regard 


applications, and in the nine existing water-borne plants. 


to total starting time and is also superior to the large slow-speed 
The Boeing 2MV27B-2 marine gas-turbine engine sup 
plied to the Bureau of Ships requires about 20 see to go from dead 


Diesel. 


cold plant to full power (5) 

Unfortunately, the merchant-marine tonnage laws are such 
as to discourage any attempt to reduce radically the volume and 
hence weight of the main propulsion plant (5, 38). This is refleeted 
in the size and weight of the Auris gas-turbine plant as shown 
in Table 4 
tremely small specific volumes and weights. Fig. 


The gas-turbine engine is inherently suited to ex- 
10 indicates 
that the open simple-cycle gas-turbine engine may have '/i the 


‘See paper No. 52 
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weight and '/; the volume of the Diesel engine. Even the more 
complex open-cycle gas-turbine engines will show weight and 
volume advantages over the Diesel and steam plants. 

The early 
regeneration, and intercooling had a specifie weight of only 30 Ib 
per shp (5). 
plant is something like 75 lb per shp. 

A recently proposed 4000-hp merchant-marine gas-turbine 
plant embodying intercooling and regeneration has a specific 
This can 


Elliott gas-turbine plant which embodied reheat, 


The weight of the typical merchant-marine steam 


weight, without gear, of from 3 to 5 Ib per shp (39). 
hardly be termed a typical plant however, as will be noted from 
the values shown in Table 4, 

By adding components such as intercoolers and regenerators 
to the simple gas-turbine plant its fuel cost becomes more com- 
and Diesel plants. 
will have greater first cost, mainte 


petitive with the steam 
complex gas-turbine plant 
nance, weight, and volume with possibly less reliability than the 


simple-cycle gas-turbine engine. 


CHOICE OF CYCLE 

It will have been noted that the paper thus far has been limited 
to the open-cycle-type gas-turbine plant. This has been done 
because the open-cycle engine seems to be more desirable and 
competitive for marine propulsion in certain ships in comparison 
to the Diesel and steam plants than either the semiclosed or 
closed-eycle gas-turbine plants. Both the semiclosed and closed- 
cycle (also known as hot-air or aerodynamic) engines are generally 
more complicated than even the complex open-cycle gas-turbine 
engine. They also are inherently more efficient at part load. 
However, whenever this equipment is used the over-all size and 
weight are increased. In some respects the closed-cycle gas- 


turbine plant is a steam plant using air instead of vapor as the 
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TABLE 4 


Builder 
Houston Co. 

Shaft bp continuous 

Shaft bp max. 

Cycle - See Ref.23 

Compressor Inlet 

Temp. °F 

Turbine Inlet Temp.°F 

Turbine Inlet 

Temp.efter 

reheat OF 

Pressure Ratio 

Total plant wght.lbs 

Specific 

weight lbs/hp 

Length 

Width 

Height 

Starting Method 


24" 2" (1) 
6" 58 


Electric Motor 
50 hp 

Air Mass Flow 
lbs/sec 
Specific Power 
hp/lbs/see 
Specific Fuel 
Consumption 
lbe/hp br 
Plant thermal 
eff. 
Higher Heating value 
No. Primary Com- 
bustion Chambers 
Type Primary Com 
bustion Chambers 
Fuel 


Refractory 
Lined 
Residual Fuel 


No. Reheat Com- 
bustion Chambers 
No. Intercoolers 
Type 


Intercwoler Thermal 
Ratio % 
Type Regenerator 


Regenerator Ff- 
fectiveness % 


+ Components cooled 


Type Cooling 

Ship Rever 
Method 
Compressor Drive 
turbine 

No. Turbines 

Turbine rpa 

Type Turbine 

No, Turbine Stages 
Adfabatic Turbine 

Eff. 

Power Turbine 

Power Turbine rpm 
Type Turbine 

No. Turbine Stages 
Adiabatic Turbine 

Eff. % 


Electric Drive 


High Pressure 
turbine 
1 


Compressor 


No. Compressors 
Compresser 


rpm 
Type Compressor 

No. Compressor Stages < 
Adiabatic Com- 

Eff. % 

Compressure Press— 
sure Ratio 

Compressor Dis- 

charge (psia) 

Ho. Recoolers 


MERCHANT 
British Thompson Elliott Co. 


Elsinore Co. 


Electric Motor Electric Motor 
150 hp 


28.8 41.5 


TRS 


> 


30.6 
18,500 
1 


95.5 
0.55 


23.6 
19,690 
1 


Cylindrical Counter Flow 


Residual Fuel 
370 secs red. 


Tubular 


Diesel Oil 


et 100° P 


Turbine casing, Turbine Shaft 
bearing casing 
Internal Air 


Boundary Layer 
Air 


Air 


Controllable Controllable 
Pitch Propeller Pitch Propeller 
Low Hizh High Pressure 
Pressure Pressure 

3 1 1 

3,600 3,200 6,300 

Axial Acial Adal 

10 10 4 

91 8&9 86 


Low Pressure Low Pressure 
. 59400 
Same Axiel 
Turbine 4 
as 86 
Low Pressure 
Unit 
low High Low High 
Pressure Press..Press.Pressure 
1 1 


1 
3,800 3,600 6,300 


Lysholm Lysholm Axial 


1 1 ll 
78 # 78% 83 
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Pametrada Rates Sulzer Bros. 


Ltd. 
3,500 
3,600 * 
2-1-75 


1,153 
1,172 


Steam Turbine 
(Compressed Air) 
50 


70 


0.497 * 


26 * 


19,690 
1 


Cylindrical 


Residual Fuel 


Multicellular 


Diesel Oil 


Controllable Electric Drive 
Pitch Propeller 
Low High Air 
Pressure Pressure Turb. 
1 1 1 
5,680 9,100 7,300 
Axial Adel Axial 
13 Double Flow 5 3 - 

86 85 - 


Reverse Gear 


High 
Pressure 


High Pressure 


Low Pressure Low Pressure low Pressure 
3,080 


8 Double Flow 


Same 
Turbine 

as 
Low Pressure 


High 

Pressure 
1 
9,100 
Axial 


15 


4,518* 


4 Includes generator. 
* Actual test data 
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working substance, having an air heater instead of a boiler, a 
precooler phuce of the condenser, and an air-heater charging 
group, in place of the feedwater system, It does of course have 
the advantages of climinating the need for distilled water, and 
better efficieney under certain operating conditions. 

hig There 
has been no great need to try and save weight and space for this 


11 shows a closed-evele land gas-turbine plant 


application of course, but it can be seen that the air heater repre- 
and 
In addition, the efficiency of the air heater for the 


sents a large proportion of the plant weight, space, cost, 
materials 
—closed-cyele plant is 86 to 91 per cent as compared to 98 per 
cent or higher for the combustion chambers of the open-eyvele 
engine, ‘The warm-up time for the closed-cycle plant generally 
will be much longer than the open-evele plant owing to the 
; large thermal capacity of the air heater (38) 

The air heater also will necessitate large quantities of strategic 
materials both for the tubes and the ducting interconnecting the 
All of the heat sup- 
plied at the high-temporature part of the eyele must pass through 


air heater with the high-pressure turbine. 

the air-heater tubes so that these tubes are simultaneously under 
a high pressure and a temperature even higher than the hichest 
—eyele temperature, in order to provide the heat transmission to 
the evele air from the furnace (56). The conductance between 
the gus and air in the air heater is of course many times less than 
It is the practice 


between gas and water in a steam boiler (13) 


in some marine gas-turbine engines to group the combustion 
~chounbers around the engine between the compressor and turbine 
with a resultaat short distance for the hot gas to travel betweey 
the combustion chamber and high-pressure turline. This will 
_ hot be possible with the closed-cycle plant. 

Another disadvantage of the closed-cycle gas-turbine plant 
is the present limited prospects of much higher top-cycle tempera- 
tures (13, 56, 57, 58). 
fit the gas-turbine engine greatly and there are many ways in 


Higher top-cyele temperatures will bene- 


11 Gas- 
TURBINE PLANT 
(Air heater shown in left back- 
ground. Photo by John Brown & 
Company, Ltd., and The 
Engineer.) 


The 


air heater limits the closed-cyvele plant to near present levels. 


whieh this ean be accomplished in the open-cycle engine 


It appears that the elosed-evele plant is nearing the upper limit 
of its thermal efficiency. 

The main advantages of the closed-cycle gas-turbine plant 
include the following (20, 38, 59, 60): 1, Clean operating air; 2, 
better part-load efficiency; 3, use of residual fuel and coal, and 
1, future prospects of atomic power, - 

For marine service the only substance in the air which will be 
troublesome is the salt. As was shown in paper 52—F-4A the 
under-way injection of fresh water into the compressor will pre- 
vent build-up of salt deposits. This process might be compared 


to “blowing tubes” in a steam boiler, Part-load efficiency is 


not important merchant-marine service, as previously ex- 


plained. The use of residual fuel in the marine engine is very 

It has been shown in reference (11) that the open- 
evele gas-turbine engine can use residual fuel if the injet tem- 
perature is limited to less than 1200 F. 
such low-temperature open-eycle residual-fuel-burning land gas- 


desirable 
There are some eight 


turbine engines now in Operation in various parts of the world 
(G1) 
can presently use residual fuels, unrestricted as to source, above 
about 1200 F, as shown tn reference (11). 


Neither the open nor the closed-eyele gas-turbine plant 


There is no doubt that one of the means of utilizing nuclear 
power in ship propulsion will be a clesed-cvele gas-turbine engine 
using perhaps helium as the working substance (62, 63). This 
form of power is not likely to be available for merchant ships for 
a few years anyway, and the experience gained in the open-evcle 
marine gas-turbine engine and the closed-cycle land gas-turbine 
engine will insure that the technical knowledge is available to 
build such « plant when the time comes. 

It can be seen that of the seven requirements previously listed 
for a marine engine the closed-cycle gas-turbine plant is inferior 
to the open evele in six, and is likely to soon be poorer in the 
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seventh also. The same applies to the semiclosed cycle in 
varying degrees. Whereas no closed-cycle marine gas-turbine 
plant is now building, a semiclosed-cycle engine has been built 
as discussed under Present Propulsion Plants. There is now 
that this semiclosed-eyele engine will ever be 


Numerous methods have been proposed for combining the 
gas-turbine engine with other components, usually for the pur- 
pose of increasing the thermal efficiency. Most of these schemes 
utilize the waste-heat energy from the engine exhaust. 
of these methods are as follows: 


no indication 
installed aboard a ship. 


Booster OR COMBINED CYCLE 


Some 


1 Utilizing steam generated in a liquid-cooled gas-turbine 
in a steam turbine (2). 

2 Utilizing engine waste heat to form steam in a recuperator 
for the following purposes: 

(a) Precooling of compressor inlet air. 

(6) Ship's heating. 


(c) To heat boiler feedwater such as is done at the Belle 
Isle Station of the Oklahoma Gas and Electric Company (55, 64, 
65, 66). 

(ad) Introduction of the hot engine exhaust gas into a steam 
boiler either before or after passing through a regenerator, as 
combustion air, (67, 68, 69, 70) 

3. Use of a steam turbine to drive the air compressor and the 
gas turbine to drive the load (69). 

4 Producing distilled water in a vapor-compression distilling 
plant obtaining energy from the engine exhaust gas (70). 

5 The Velox or Sural systems where a turbine is driven by 
boiler exhaust guises, thereby providing power to drive the com- 
pressor, which supplies compressed air to the boiler. Any excess 
turbine power can be utilized for other purposes (13, 66, 71, 72). 

6 Use of the exhaust of a supercharged reciprocating inter- 
nal-combustion engine to drive a turbine. The turbine may 
supply only part of the useful work, such as in the Buchi system, 
or all of the useful work, as in the Gétaverken system (72). 


All of the foregoing systems may increase the plant thermal 
efficiency, but at the expense of some or all of the other require- 
ments, that is, reliability, first cost, maintenance, maneuvera- 
Therefore, in general, the foregoing 
The 
(otaverken, Buchi, and Sural systems already have seen limited 
The turbine in the case of these three systems 


bility, weight, and volume. 
systems will find marine application only in special cases, 


marine service, 
is not a true combustion-gas-turbine engine, but an exhaust-gas 
turbine. 


PRESENT Proputsion PLANTS 


It would appear from a fuel-cost standpoint that the marine 
gas-turbine engine burning distillate fuel, is not now competitive 
with the best steam plants burning residual fuel, It is certainly 
not competitive with a Diesel engine which burns residual fuel. 
Therefore, until it can be proved that the marine gas-turbine 
engine is superior to the steam or Diesel plants in such factors 
as maintenance, first cost, reliability, weight, and volume to an 
extent necessary to offset the increased fuel costs, there is little 
likelihood that it will widely supplant both the steam and the 
Diese] plants. However, if and when the gus-turbine plant can 
either burn residual fuel unrestricted as to turbine-inlet tempera- 
ture and source, operate at appreciably higher temperatures, 
or incorporate a successful rotary regenerator, the entire situation 
may change. 

Regeneration probably will be used in the great majority of 


merchant-marine plants. The use of intercooling and/or reheat 


will depend upon the requirements of the particular vessel 
Certainly intercooling is desirable where the plant pressure ratio 
necessitates the compression process to be done in two com- 
The merchant marine gas-turbine plant would now 
Small 


vessels which spend a majority of their time in port, such as a 


pre sssors 
seem to be limited to special applications. passenger 
cross-channel boat, might be one such application (73). 

There is perhaps another interesting special application of 
the marine gas-turbine plant. It is well known that most cargo 
ships are too slow for ideal use in wartime service. The high- 
speed submarine will make such ships even more vulnerable 
to torpedo attack in any future war, Unfortunately, because of 
the hull form and ‘propeller law,” there are practical limitations 
on increasing a vessel’s speed by installing additional horsepower. 
For example it would require the power of a C2 cargo vessel to 
about 140 per cent to increase the ship's 
speed by 3 knots. On the other hand, the hull form is such that 
an increase of about 83 per cent in power would raise the speed of 


be increased by 


a C3 cargo vessel 3 knots. 

If it could be shown that a vessel with a speed of 21 knots, had a 
25 per cent better chance of not being torpedoed than one of 18 
knots, there might be justification for raising the horsepower of 
suitably designed vessels in time of war. This could be done by 
designing the steam plant originally so that the turbine rotor 
could operate at the higher speed, and the reduction gear, shaft- 
‘wartime’ power, Simple 


ing, and bearings to absorb the extra 
compact open evele gas-turbine engines, stored during peace- 
installed quickly at the outbreak of the war, 
Shipowners cannot economically carry excess power around 


time, could be 
in normal peacetime operation, as it results in increased main- 
tenance, and additional operating personnel and higher wages 
due to union regulations, This method would therefore seem 
to offer an economical and quick way of boosting the speed of 
suitable cargo vessels in time of war, 

The merchant marine and gas-turbine industries both owe a 
tremendous debt of gratitude to the foresight and faith of Mr 
John Lamb, and the Anglo-Saxon Petroleum Company, Ltd., 
for the pioneering effort in installing a gas-turbine plant in the 
Auris. 

There are at present six merchant-marine propulsion plants 
under construction or These 
alphabetical order.6 It will be noted that all of these gas-turbine 
plants, with the exception of the B.T.H 
three complexities, intercooling, regeneration, and reheat 


In Operation, are discussed in 
unit, incorporate the 
This 
perhaps explains why the B.T.H. plant is now the only one at 
sea, even though construction on all six plants started at about 
the same time. 

This is a 1200-shp 
Fig. 12 shows 
the relative arrangement of the plant components 


1 British Thomson-Houslon Company. 
open-cycle gas-turbine plant with a regenerator. 
It is now 
providing part of the propulsive power for the Auris and is the 
only marine gas-turbine plant in commercial service. The vessel 
Auris, a tanker owned by The Anglo-Saxon Petroleum Company 
When the 


Auris was commissioned in April, 1948, it was powered by four 


Ltd., was designed originally as an experimental ship, 


1105-bip Hawthorn-Sulzer Diesel engines each coupled to a 
generator. In 1951 
removed and the gas turboalternator substituted in its place 


the starboard inner Diesel alternator was 


The gas-turbine plant has operated several thousand hours since 
October 28, 
England to Curagao, the ship was driven solely by the gas- 


For the second voyage of the Auris, from 
turbine generator set. The vessel's speed was slightly in excess 
of 7 knots so the passage required 23 days 
plant ran continuously for 543 hr on a residual fuel of 1300 sec 
Redwood No. 1 at 100 F (1483 SSU) (74). 


§ Detailed design data on these plants are given in Table 4. 


The gas-turbine 


Inasmuch as /, 


| 
“ 
« 
/ 
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I RTO INSTAL- 
LATION IN THE “Aurts” 


equals 1200 F° for this plant, no great difficulty is likely to 
result from burning residual fuel (11). 

During the shakedown trials of the Auris, while fully loaded, 
“The 
absence of vibration during this period was a marked feature of 
the trial’ (75). During the first 1391 hr of operation the gas- 
turbine engine used only 30 gal of lube oil. 

The maximum load obtained on test with this plant was 1022 


the vessel was run for 6 hr on the gas-turbine engine elone. 


kw or a 19 per cent overload (76), There is evidently no heat 
rejection or noise problem in this installation as an observer has 
reported: “On the demonstration run, apart from the sight glasses 
of the combustion chambers which indicate that fuel is being 
burned within, we found it difficult to tell if the gas turbine was 
in operation” (77). 


A by- 


pass valve is provided so that the gas may pass directly from the 


This plant has an interesting constructional feature. 


high-pressure turbine (compressor turbine) to the atmosphere 
via the heat exchanger, thereby by-passing the power turbine. 
If either turbine overspeeds this valve automatically opens. It 
also reduces the starting power and time by being open during the 
starting eyele, thereby reducing the back pressure on the com- 
pressor turbine (78) 

It is reported that when this engine was on the test stand the 
SFC was about 10 per cent lower than the design value at full 
load, with ¢, 50 F below its design value. It requires less 
than 10 min for this plant to go from rest to full load. The com- 
pressor-inlet duct incorporates a The 
is a counterflow tubular type with the air inside the tubes (78). 
Photoelectric 


silencer regenerator 
The tubes are 22 ft long and have '/j. in. OD. 
the flame in the combustion chambers 


’ 


cells mounted to ‘see’ 
through ports, cut off the fuel supply if the flame goes out. If 
one of the burners in the two combustion chambers fails it is 
possible to remove it without shutting the engine down (79). 


It should be noted that this gas-turbine engine was installed 
- 
® Turbine-inlet temperature. 
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in the Auris for the purpose of testing 4 gas turbine under service 


conditions and obtaining experience in its operation, maintenance, 
and reliability (80). Future designs will incorporate the lessons 
learned from this plant (79). 

2 Elliott Company. The United States Maritime Administra- 
tion ordered a 3000-shp complex-cycle gas-turbine engine which 
is a duplicate of two units ordered by the U.S. Navy. For a 
detailed description of this engine see paper No. 52—F-4C. This 
engine was to replace the standard reciprocating-engine installa- 
tion of the Liberty ship collier KC2-G-AW2. Reversing for this 
vessel] was to be performed by a four-bladed controllable-pitch 
propeller. The present emergency necessitated the services ot! 
this vessel elsewhere and therefore the installation of this plant 
is held in abeyance. Reference (81) gives a description of the 
originally planned installation features of the plant. 

3 Elsinore Shipbuilding and Engineering Company (Denmark). 
In collaboration with Burmeister and Wain and Denmark’s 
Technical University the Elsinore Shipbuilding and Engineering 
Company commenced work on a 3000-shp open-cycle experimental 
gas-turbine plant in 1945. The cycle diagram of this unit is 
shown in Fig. 13. This plant is designed to have a low and high- 
pressure axial compressor, reheat, intercooling, a rotary regenera- 
tor, an axial high-pressure turbine driving both compressors, 
and an axial low-pressure turbine driving an a-c 
Reversing is therefore performed by the generator which operates 
at 3500 rpm directly connected to the low-pressure turbine. The 
plant is designed for a life of 100,000 hr, but it is expected that 


generator 


the turbine blades may require replacement every 4 years and 
the combustion-chamber liner yearly. The compressor blades 
are die-forged from manganese bronze. The high-pressure com- 
pressor has 14 stages and the high-pressure turbine 4 stages. The 
combustion chambers are of the contraflow type. An unusual 
feature of the turbine casing is that it can be adjusted axially, 
thereby altering the blade clearances 

Owing to financial considerations only the high-pressure por- 
tion of the plant has been built. It went on test in July, 1949 
developing 500 hp. The power produced is being used as elec- 
trical energy. As the rotary regenerator, with a design effective- 
ness of 90 per cent, has not vet been perfected, the high-pressure 
section is using a tubular regenerator with an effectiveness of 
about 60 per cent. 

A layout of this plant in the passenger ship Hans Broge indi- 
cates that it requires less height, and the length is reduced by one 
frame space and the whole recess below the third deck in compari- 
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Initially unsatisfactory air-inlet ducting encouraged blade stal- 
ling in the compressors. This difficulty has now been corrected 
and the plant ran about 150 hr during 1951. The maximum load 
attained during 1951 was 3600 shp at a SFC of 0.497 Ib per 
hphr. As this run was made in December, it is assumed that a 
lower-than-standard ambient temperature existed. It has been 
reported that during 1952 the thermal efficiency of this engine 
has been improved further. The test bed on which this unit is 
installed is the same as that for a tanker, and it is hoped to in- a 
stall this plant in a merchant ship when the test-stand operation 


indicates it is ready for sea trials (61, 77, 86, 88, 89). 
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son with the presently instailed Diesel plant. The gas-turbine INTERCOOLER 


plant weighs 190 tons including auxiliaries and outfit intheengine i 
room, 48 compared to the Diesel plant of 825 tons (56, 82, 83, 84) hie. 15° Cyere DisGram on 


1 Parsons and Marine Engineering Turbine Research and 


PametTripa Marine Gas-Tursine 


PLANT 


(From The Oil Engine and Gas Turbine.) 


LP. TURBINE 
uP 
COMPRESSOR 


IN TERCOOLER 


Development: Association —(Pametrada), ‘This organization was 
formed in 1944 with the backing of 20 companies from the British 
shipbuilding industry. Pametrada began gas-turbine design 
work in 1945, and completed drawings for a 3500-shp open- 


eyele marine unit in 1946 (85). This plant, shown on test in Pig 


14, includes maneuvering couplings for astern operation, and «a 
speed-reduction gear to provide a main shaft speed of 85 rpm (13) 

The eyele diagram for this plant is shown in Fig. 15. This 
plant incorporates intercooling, reheat, and regeneration, The 
low-pressure compressor is LO-stage axial flow and the high-pres- _ 
sure compressor 17-stage axial flow, both driven by the high- 


pressure turbine. The compressor rotor blades are precision- 


REW 
REHEAT 
CHAMBER STARTER 


TURBINE 


forged from aluminum-bronze and the stator blades are milled 


from the same material, An unusual feature of this plant is 


that both turbines are double flow. The low-pressure turbine i] 
has 8 stages on each side and the high-pressure turbine 13 stages i 


on each side, ad 
Phe regenerator is a tubular crossflow unit with the gas making M statin 
COMBUSTION 
CHAMBER 


with a life of 10,000 hr for some of the minor components. Start 


ing power is provided by an auxiliary turbine supplied with either 


four passes across the tubes. [It contains 52 miles of * .in-OD 
Yorealnie tubes. The plant is designed for a life of 100,000 hr ; 


compressed air or steam. A gas by-pass valve is fitted in the HEAT ex HANGER 

entry to the low-pressure (power) turbine so that it may be re- 

moved from the gas circuit during starting. A valve is also fitted | : 

on the air side of the intercooler to enable blow-off if the low- ; ! _ 
pressure compressor stalls at low speeds. It is interesting to das OuT 


note that eleven member concerns of Pametrada built components 


Fic. 16 Cyere Diagram or Société pes ATeLierns CHANTIERS 
for this plant. 
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Testing of this gas-turbine engine commenced in 1950. “~ (From The Oil Engine and Gas Turline.) 
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open-cycle gas-turbine plant in- Air Heater __ 


corporating intercooling, regen- a 
eration, andreheat, Fig. 16 shows ( 280 Lb./Sq. In 
the cycle arrangement. The 5- 1200°F 


stage low-pressure turbine drives Starting enue ) 
: 


both the 15-stage axial-flow low- Seter 
pressure compressor and the 


high-pressure turbine drives the “oe”, , Air 
70 L6./Sq. In. Compressor 

15-stage axial-flow high-pressure ' 


280 Lb /Sq. In. | 
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The manufacture of this plant is now comple te and it is be ing 
assembled on the test stand. The installation of this engine 


aboard a Liberty ship is being planned for early 1953. Fig. 17 
shows the layout of the plant in this ship. Reversing will be 
handled by a controllable-piteh propeller (1, 9, 56). 


6 Sulzer Brothers, Ltd. This company has built the only 
semiclosed-cycle marine gas-turbine plant to date. It is a 7500- 


bhp engine incorporating intercooling, reheat, and regeneration 
The cycle diagram for this plant is shown in Fig. 18. Two axial- 
flow intercooled low-pressure compressors in series are driven by 


dn axial-flow high-pressure turbine. Two 16-stage axial-flow 
intercooled high-pressure compressors are driven by an axial- 
flow air turbine. The useful power is produced by the 5-stage 
axial-flow low-pressure turbine. The regenerators are tubular 
counterflow heat exchangers. A starting motor is connected 
to the high-pressure-compressor shaft. The plant includes four 


compressors, three turbines, two intercoolers, two regenerators, 


two combustion chambers, and a recooler. 


This engine was operated on test in 1948 but has been 
so de-emphasized by the builder that little running has taken 
place since that time. Sulzer has announced no plans concerning 
the possible installation of this gas-turbine plant aboard a vesse] 
(5, 56, 90, 91). 


oN w At PLANTS 
OMMENT ON AUXILIARY PLANTS 


So far as is known, no gas-turbine engine is being built specili- 
cally for auxiliary service in a merchant vessel. Such features 
of the gas-tuebine engine as quick-starting, self-contained opera- 
tion, low weight, and volume will make this engine attractive 
Kia. 17 Proposep ARRANGEMENT OF SocréTe pes for many applications requiring intermittent load. Emergency 
Mamws generators or portable fire pumps are two such applications 


(1, Intercooler, 2, starting motor, 3, low-pressure compressor, 4, high- : 
pressure compressor, 5, combustion chamber, 6, high-pressure turbine, 7, periods also offer a good application for a gas turbogenerator 


low-pressure turbine, regenerator, gear, Photo from The Oil Engine 
and Gas Turbine.) set. 


Cargo vessels or tankers requiring large electrical loads for short 
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; Gas- -Turbine Pr ogress 


Naval Vessels 


By W. A. DOLAN, 


INTRODUCTION 


ANY of the considerations for « propulsion plant discussed 
in acompanion paper’ apply equally well tonavalservice 


Therefore this paper will be limited to items where the 


requirements for naval propulsion differ from those for merchant- 
marine propulsion. 

The life of a naval gas-turbine plant may vary from 500 br, 
for a small boat engine, to 10,000 hr at full power for a large 
base-load plant. No hard and fast rule can be laid down for 
life; the operating characteristics for naval vessels vary widely 
and hence the life requirements of a propulsion plant. 

Powers for the naval propulsion plant also vary tremendously. 
A small ship’s boat may require less than 50 shp while an aircraft 
carrier would require in excess of 50,000 shp per shaft. A base- 
load gas-turbine engine of 50,000 shp seems out of the question at 
this time. 

The operating characteristics of the naval vessel are also radi- 
cally different from the merchant ship. Whereas the latter oper- 
ates the majority of its life near full power, a destroyer uses the 
upper 60 per cent of its installed power for less than 0.3 per cent 
of its operating life (92).* 
between 8 and 30 per cent full power, this low use factor tends te 
place the gas-turbine engine at a serious disadvantage for a base- 
load plant, as both the Diesel and complex steam plants have much 
better part-load efficiency (5). 

The requirements of the naval propulsion plant in order of 
Sawyer (5) as follows: 


Since most combatant vessels cruise 


importance have been listed by S 
' 
| 


Bureau of 


Maximum reliability. 


Captain U.S.N., Director, Ship Technical Division, 
Ships, Department of the Navy. 

2? Lieutenant, USNR, Gas Turbine Project 
Ships, Department of the Navy. 

Progress Report 
52—F-4B. 

Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Gas Turbine Power Division and presented at 
the Fall Meeting, Chicago, Ill, September 8-11, 1952, of Tue 
AMERICAN SocreTy OF MecHaNnical ENGINEERS. 

Notes: This is paper No, 52--F-4C of a Progress Report which the 
I:xecutive Committee of the Gas Turbine Power Division authorized 
at its 1951 Annual Committee Meeting. The series includes the 
following: ‘‘Introduction,’’ by R. Tom Sawyer, paper No. 52—F-1A; 
‘Materials, Cooling, and Fuels,"’ by A. A. Hafer, paper No. 52— F-1B; 
“Cycle Components,"’ by P. F. Martinuzzi, paper No. 52—F-1C; 
“Automotive,” by Frank L. Schwartz, paper No. 52—I *Rail- 
roads,"’ by K. A. Browne, J. I. Yellott, and P. R. Broadley, paper No. 
52—F-3; *‘Marine,”’ by W. A. Dolan, Jr., and A. A. Hafer, paper No. 
52—F-4A; ‘Merchant Vessels,’’ by W. A. Dolan, Jr., and A. A. Hafer, 
paper No. 52—F-4B; “Stationary Electric Geners by Lee 
Schneitter, paper No. 52—-F-5; ‘‘Industrial,"" by L. Rowley and 
B.G.A, Skrotzki, paper No. 52—F-6; ‘‘Aviation,"’ by Driggs and 
©. E. Lancaster, paper No. 52—F-7. 

The present paper, 52—F-4C, and papers 52—F-4A, 52—F-4B, deal- 
ing with the subject of ‘Marine Progress," all by the same authors, are 
to be treated as a group; hence the Bibliography, figure numbers, 
and numbers of tables run consecutively through the three sections. 

Statements and opinions advanced in this paper are to be under- 
stood as the individual expressions of the authors and not to be con- 
strued as official or reflecting the views of the Navy Department, of 
the Naval Service, or of the Society 
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2 Optimum cruising or light-load fuel economy, plus good 
fuel economy at higher loads as well. 
Minimum weight. 
Minimum volume. 
Maximum maneuverability, including rapid starting. 
Minimum maintenance and operating personnel require- 
ments. 
7 Resistance to shock or other battle damage. 


8 Economy of strategic materials and production effort 


In general, the gas-turbine engine is now superior to the Diese] 
or steam plants in weight, volume, maneuverability, starting time, 
maintenance, and operating personnel requirements, As more 
experience is gained the gas-turbine engine also should be su- 
perior in reliability. The gas-turbine engine is now superior to 
the steam plant in shock and battle damage, but inferior to the 
Diesel engine. All three types of prime movers require compara- 
ble amounts of strategic materials (5). The only requirement 
where the gas-turbine engine is at a serious disadvantage is in 
the part-load fuel economy. A companion paper effectively 
demonstrates how rapidly the SFC of the gas-turbine engine 
increases at very light loads. It is, therefore, apparent that 
the gas-turbine plant is suitable for a base-load plant only when 
the normal cruising power of the vessel is in excess of 50 per 
cent of the base-load plant rating. 

Since the reduction of the propulsion-plant weight and volume 
is*so important in a naval vessel, emphasis will be placed on com- 
pact combustion chambers (similar to those used in jet engines), 
lightweight, highly loaded reduction gears and the rotary re- 
generator or other compact regenerators, Every pound of weight 
or space that can be removed from the engine room can be used 
to enhance the military characteristics of the ship by the addition 
of supplies, equipment. In this 
engine-room weight and volume must include feedwater and fuel 
storage space, The gas-turbine plant will eliminate the 
for the majority of feedwater, but the plant thermal efficiency 
must be such that the gas-turbine plant plus fuel does not weigh 
more than the steam or Diesel plants plus fuel for the desired 
cruising range. ‘Therefore indiscriminate application of the gas- 
turbine engine to combatant ships actually may result in an 
increase of plant plus fuel weight. This indicates the need for 
the naval engineer to understand the limitations as well as the 
possibilities of the gas-turbine engine. Fortunately 
numerous propulsion-plant applications where the gas-turbine 
engine is now superior to both the Diesel and steam plants 
The wise naval engineer will limit the use of the gas-turbine 
engine at this time to these applications 


ordnance, or electronic case 


need 


there are 


BoostTeR Gas-TURBINE ENGINES 


All of the naval gas-turbine engines in excess of 1000 hp that 
have gone to sea to date have been for booster or peak-load 
The British MTB 5559 has two gasoline engines for 
cruising power and one gas turbine for use at full power. The 
MTB’s 5701 and 5720 have Diesel engines for cruising power and 
gas-turbine engines for obtaining high speeds (6, 93). This type 
of service is analogous to the use of jet engines on the B-36 
bombers to provide high bursts of speed during active combat. 

The power requirements of large combatant ships are such as 


service, 
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out: 
= 
3 } — 


to necessitate the substitution of the steam plant in place of the 
Diesel engine as the cruising plant. A study made by Captain 
R. T. Simpson, U.S.N., and Commander W. T. Sawyer, U.S.N., 
indicates that a combustion steam-gas-turbine plant would 
reduce the weight of the propulsion equipment of a destroyer by 
28 per cent and reduce the length of the machinery space re- 
quired by the plant by more than 10 ft (92). A steam plant oi 
9000 shp per shaft would provide sufficient power up to a ship's 
speed of 20 knots after which the gas-turbine engines would be 
cut in. 
powers in the same space and weight as the existing steam plant 


Conversely, it would be possible to concentrate higher 
bv the substitution of 1 combustion steam-gas-turbine plant 


FUELS 


bor large naval gas-turbine engines it would be desirable to 
burn a fuel heavier than Diesel oil. The residual fuel used by the 
U.S. Navy, called “Navy Grade Special,” is about a grade 4 
residual fuel having an upper limit on viscosity of 225 SSU at 
122 F 
used by the U.S. Navy to burn grade 6 or “Bunker ©” residual! 
fuel due to the resultant complication of the logistics problem 

Unfortunately, the Navy Grade Special fuel may have as high 
an ash content and contain as high percentages of vanadium 
and sodium as Bunker © residual fuel. In addition, the possi- 
bility of the fuel being contaminated by salt water in marine 
service will make it more difficult to use residual fuel in the 
marine gas-turbine engine than in its land counterpart (11) 

There are many applications of the naval gas-turbine engine 
where it is desirable to burn Diesel oil. 
for small craft, portable units, generators on Diesel-powered ves 


There is at present no incentive for gas-turbine engines 


These include propulsion 


sels, emergency generators, and booster gas-turbine engines on 
high-speed craft which have Diesel engines for cruising power 
In these applications Diesel oil] would probably be used even if 
the gas-turbine engine could burn residual fuel unrestricted g- 
to source, as the equipment required to heat the residual fuel 
would be unwarranted 

It would be extremely desirable for the base-load, or booster 
gas-turbine engine combined with a steam plant to burn residual 
fuel. The need for large quantities of two fuels required by the 
combined steam-gas-turbine plant many 
It would be ditlicult to proportion the tankage between the two 
fuels, as various employments of the ship would require various 


presents problems 


ratios of fuel needed by the steam to the gas-turbine plant 
The residual-burning steam plant can burn Diesel oil with certain 
modilications, but the gas-turbine plant is now limited to Diesel 
oil, Therefore it would probably require carrying a higher per 
centage of Diesel oi] than otherwise might be desirable and hence 
result in the steam plant burning Diesel oil for appreciable periods 
with resultant fuel 
turbine plant is, therefore, only justified where the improvements 


increased costs. A combined steam-gas- 
in the ship’s military characteristics are such as to override the 
increased fuel costs. 

Even after the marine gas-turbine engine can burn residual 
fuel unrestricted as to source, it will be necessary to carry a small 
amount of Diesel fuel for use during starting and stopping (94, 
95). 
most of them now carry some Diesel fuel for emergency genera- 


This will present no problem on larger naval vessels, since 
tors and their Diesel-powered boats 


Wer Compression 
Wet compression consists of injecting a liquid into the com- 
pressor inlet in order to approach an isothermal compression 
process, The liquid usually used is water, but mixtures of 
water and alcohol are frequently used in aircraft jet engines. 
Phe cooling effect of the evaporating water results in an increase 
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in compressor pressure ratio and air flow (96). The total mass 
flow also is increased by the amount of injected liquid. 
An increase in ambient relative humidity decreases the benefits 
This, of course, indicates that wet com- 
pression will be somewhat less effective in marine service than 


of wet compression (97). 


in land service 

The usual aim of wet compression is to inject just enough water 
The NACA 
standard for the amount of water necessary to produce this condi- 
tion is 0.048 Ib of water per Ib of air at 59 F. Higher ambient 
temperatures will require «a higher water-air ratio (96). It is 
generaily agreed that if wet compression is to be used for any 
Wet- 
Naval [engineering 


to insure saturation of the compressor discharge air. 


length of time, distilled water is necessary (70, 98, 99). 
compression tests conducted at the U. 8 
[experiment Station verified the necessity for distilled water. 
\fter running for 15 hr with the injection of tap water, com- 
pressor-blade deposits became so serious that the compressor 
surged and the turbine-inlet’ temperature was 350 F higher 
than normal during starting (100). The need for distilled water 
in wet compression makes its continued use in a base-load naval 
gas-turbine engine infeasible, especially since intercooling gives 
the same general advantages as wet compression and is admir- 
ably suited to marine service 

A comparison of the water requirements of a typical aval 
steam plant and a gas-turbine plant indicates that about six 
times as much distilled water is necessary for wet compression as 
for make-up feed in the steam plant. A typical 5000-hp gas 
turbine engine would require about 39,000 gals of water per day 
when operating at full power (100) 
viously, the weight of the gas-turbine plant also must include 
the fuel required. 
would be necessary to include the weight and volume of the ad- 
ditional water tankage and distilling plants required. One test 
has shown that the total fuel plus water required in the case of a 


As has been discussed pre- 


In case wet compression were used it also 


gas-turbine engine using wet compression is about 3.88 times as 
much as the same engine without wet compression (97). 

Wet compression is used extensively in military jet aireraft to 
There are several 
naval applications where this same type application appears 


produce short bursts of high power (101) 


desirable, 
tremely high powers for short periods could obtain bursts of high 
For this type 


PT boats or other naval vessels which require ex- 


speed by water injection into the compressor inlet. 
of service the disadvantages of wet compression would be accepta- 
ble. A destroyer having half of its power produced by gas- 
turbine engines could operate, using water injection, for about 
3 hr assuming the same capacity of feed and potable water tanks 
as now installed (100) 
have to incorporate water-spray equipment in the compressor 
inlet, as discussed in a companion paper,® no additional equipment 
will be required for this type of wet compression 


Inasmuch as these engines probably will 


ADVANTAGES OF THE NAVAL GiAs-TURBINE 


It is apparent that if the gas-turbine engine is to see extensive 
use in naval service it will be only because it is superior in some 
A study of the 
potential advantages of the gas-turbine engine is therefore in 


way to all other types of heat engines available. 


order 
gas-turbine engine than the complex cycle, but the latter also 
embodies the same advantages to varying degrees. These ad- 
vantages are not necessurily listed in their order of importance, 


Most of these advantages apply more to the simple-cycle 


as in various vessels, and applications characteristics desired 
from the propulsion plant may vary somewhat 

Weight. 
form of existing prime mover (5, 13. 23, 38, 42, 102. 103, 104 
105, 106). 
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The gas-turbine engine can be lighter than any other 
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Volume. The gas-turbine engine can be installed in less space 
than any other form of heat engine (5, 45, 102, 103, 104, 105, 
106). 

Simplicity. This engine is inherently the simplest type now 
known (23, 37, 102, 103, 104). Rear Admiral W. D. Leggett, Jr., 
U.S.N., in describing the Solar 1 MC45S-2 gas-turbine engine, 
produced for the Bureau of Ships, said, ‘“The simplest fuel- 
burning prime mover yet constructed” (5). 

Maintenance. Owing to the small number of moving parts the 
gas-turbine engine will require less maintenance than other types 
of power plants (5, 37, 45, 102). 

Power. Because the gas-turbine engine is lighter and requires 
less volume than any other heat engine it is possible to install 
more power in a given engine space than by any other means 
(45). This is extremely important in high-speed craft such as 
PT boats. 

Quick Starting and Rapid Acceleration. With the advent of the 
high-speed submarine and jet airplane this is an extremely im- 

The Boeing 2MV27B-2 gas-turbine engine 
develops full power from dead cold start in about 20 sec. The 
2500-hp Gatric gas-turbine engine in the MTB 5559 requires 90 
sec to go from cold start to full power. This is less than one tenth 
of the time required for the gasoline engines in the same vessel 
(5). A 15,000-hp Brown Boveri unit has repeatedly gone from 
cold start to full power in 6 min (37). When this is compared 
with starting times in the order of 1 to 2 hr for steam plants, the 
tremendous advantage of the gas-turbine engine is evident. 

Rapid Maneuvering. Not only can the simple open-cycle 
gas-turbine engine be started quickly but it can vary its load 
at the will of the operator giving excellent maneuverability. 

Reliability. Because of the smal] number of moving parts in 
the gas-turbine engine it is inherently more reliable than other 
prime movers. Even at this very early stage of its development 
operating experience has tended to confirm this. 

Minimum Operating and Maintenance Personnel. As the 
power of the gas-turbine engine is varied ordinarily by changing 
the fuel flow, only one operator is needed. Most engines can 
even be started by one person. Also, because of the reduced 
maintenance of the gas-turbine engine, fewer maintenance per- 
sonnel will be required. This will enable combatant ships to 
operate with considerably less engineering personnel. 

Reduced Operating-Personnel Training. Because of the simplic- 
ity of the operating controls of the gas-turbine engine and the 


portant feature 


automatic safety devices employed, less time will be required to 
train competent operating personnel. Three naval enlisted men 
who had never heard of a gas-turbine engine, and who had no 
previous engineering training, were given 10 min instruction in 
operating an LCVP powered by the Boeing 2MV27B-2 engine. 
With no difficulty, this crew then took the LCVP out by them- 
selves and maneuvered the boat extensively, including beaching 
operations, The No. | 3500-kw Okalahoma Gas and Electric 
Company’s gas-turbine plant has been started and brought up 
to speed by one operator who had no previous instruction on the 
operation of the unit but merely followed a single-page printed 
instruction sheet. 

Low First Cost. The larger simple-cycle gas-turbine engines 
even while handmade, are now less expensive than either the 
The more complex cycles also should 
It probably 
will be some time, however, before small gas-turbine engines are 


Diesel or steam plants 
be cheaper once they are on a mass-production basis 


cheaper than equivalent Diesel! or gasoline engines. 

Lconomy of Production Effort. Because of the smaller weight, 
volume, and number of parts, the gas-turbine engine should re- 
quire less total raw materials and man-hours to build on a pro- 
duction basis. 


Remote Control. The simple operating control required by the 


DOLAN, HAFER—GAS-TURBINE PROGRESS REPORT—NAVAL VESSELS _ 187 


gas-turbine plant lends itself admirably to remote control. In 
at least one vessel, the gas-turbine plant will be controlled entirely 
from the bridge. 

Excess Power. Power in excess of the rated power will be 
available whenever the ambient temperature is below the stan- 
dard temperature 

The gas-turbine engine also enjoys the following additional 
advantages over the steam plant: 

Increased Resistance to Battle Damage. The much smaller size 
of the gas-turbine plant and lack of extensive steam lines make the 
gas-turbine plant much less susceptible to damage than the steam 
plant. 

Increased Operating-Personnel Safety. The gas-turbine engine 
has a much smaller amount of stored energy in it at any instant 
in comparison to the steam plant (103). 

During the war operating personnel sometimes were killed 
as a result of steam lines rupturing from battle damage. As 
both the compressor-inlet and exhaust-duct gases are at atmos- 
pheric pressure, and the engine “fails safe,” it is extremely safe 
for operating personnel. 

Elimination of Components. The gas-turbine plant eliminates 
the following components required by the steam plant: Boilers, 
main condensers, air ejectors, main circulating pumps, main 
feed pumps, main feed booster pumps, emergency feed pumps, 
main condensate pumps, deacrating feed tanks, and feed heaters 

Elimination of Feedwater. The yas-turbine plant requires 
little distilled water as compared to the steam plant and, there- 
fore, the size of the evaporating plant and feed storage tanks can 
be reduced radically. In addition, it will eliminate feedwater 
treatment 

Smokeless Combustion. Because of the large excess of air in the 
gas-turbine plant smokeless combustion will result (107). This 
will climinate the danger of a ship’s smoke being observed by 
enemy vessels or aircraft 

Suitability for Lower Powers 
pulsion, is economically limited to a lower rating of about 5000 hp. 
The gas-turbine engine can be effectively used at much lower 


The steam plant, for main pro- 


powers, . 

The gas-turbine plant also enjoys the following additional ad- 
vantages over the Diese] engine: 

Reduction of Vibration. The gas-turbine plant has much less 
vibration at full power than the Diesel plant, 

Reduction of Lube-Oil Consumption. The Diesel engine uses 
about 42 times as much lube oil as the gas-turbine engine (5). 

Suttalility for Higher Powers. The upper horsepower limit for 
the naval Diesel engine is about 5000 hp. The gas-turbine plant 
has its best efficiency at ratings in excess of 5000 hp. 

High Torque at Low Powers. The gas-turbine engine develops 
maximum torque at zero-power turbine speed. This gives it an 
important advantage over a reciprocating internal-combustion 
engine for amphibious vehicles. 

The gas-turbine engine also has the following additional ad- 
vantage over the gasoline engine: 

Nonvolatile Fuel. The ability of the gas-turbine engine to 
burn distillate fuel gives it a significant advantage over the gaso- 
line engine, as the use of a volatile fuel in naval service is undesira- 
ble from the standpoint of fire hazard. 


DISADVANTAGES OF THE NAVAL Gas-TURBINE ENGINE 


Residual Fuel. The inability of the high-temperature gas- 
turbine engine to burn residual fuel including Navy Grade 
Special, unrestricted as to source at this time, is a serious handicap 
for large base-load plant application. 

Thermal Eficrency. The simple-cyecle gas-turbine engine has a 
lower thermal efficiency than either the steam or Diesel plants. 
Both the simple and complex-eyele gas-turbine engines have 
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Official U 


poorer par the Diesel or steam 

plants. 
Ducting. 


exhaust ducting than the Diesel or steam plants. 


The gas-turbine engine requires larger air-inlet and 


SumMAryY or Navat Gas-TurBtne PLANT 


It would appear that the gas-turbine engine can now be used 
advantageously to power small short-range vessels, landing craft, 
and high-speed craft such as PT and air-sea rescue boats. It is 
ideal for providing booster power for base-load Diesel plants. 
It is attractive for the same type combinatioh with a steam plant, 
and when able to burn residual fuel may well see extensive appli- 
cation in a combined steam-gas turbine plant. A complex- 
cycle base-load gas-turbine plant, augmented by simple-cycle 
gas-turbine engines for high powers, is attractive where the 
cruising power requirements of the vessel are not less than about 
3000 to 4000 hp per shaft. The base-load engine should operate 
at 50 per cent or more of its rated power at the cruising condi- 
tion. 

As higher pressure ratios and turbine-inlet temperatures are 
more important in the naval engine than in the merchant-marine 
plant, regeneration for base-load plants may be used only at part 


loads 
PResent PROPULSION PLANTS 


A number of naval propulsive gas-turbine engines have been, 
or are now being built to power naval vessels in both this country 
As was noted in a companion paper,’ most of the 
If we inelude 


and abroad 
units now at sea are for naval propulsive service 
experimental units, there are 15 different: types of gas-turbine 
engines manufactured or building for this usage. The actual 
Naturally, much of the 
data on these engines have not been released for publication. A de- 
scription of these plants is given in the following by country and in 


number of engines is much higher. 


chronological order.‘ 


® Detailed design data on the following plants when available is 


given in Table 5 of this paper 


S. Navy photograph.) 


United States. 


The United States Navy was the first to enter the naval gas- 
turbine field when, in 1939, the Bureau of Engineering (now the 
Bureau of Ships) requested the National Academy of Sciences to 
investigate the feasibility of the gas-turbine engine for naval 
service. After 2 years of study this committee recommended 
the establishment of a naval gas-turbine program including the 
construction and exhaustive laboratory testing of a gas-turbine 
engine capable of sustained operation at 1500 F (108). This re- 
sulted in a contract being awarded to the Allis-Chalmers Com- 
pany in 1940, for the design and construction of a 3500-hp unit 
suitable for laboratory testing (109). As this unit incorporated 
an axial-flow compressor and turbines, in 1942 two other labo- 
A 2500-hp engine utilizing Lysholm 
compressors was ordered from the Elliott Company, and a 750- 


ratory units were ordered. 


hp unit utilizing Birmann mixed-flow compressors and turbines 
was ordered from the DeLaval Steam Turbine Company (92). 
As a result of the test experience gained on these laboratory units, 
a number of gas-turbine engines have been ordered from the 
Boeing Airplane Company, the Solar Aircraft Company, and 
Allison Division of General Motors for installation aboard naval! 
vessels, 

The system used in assigning model numbers to these Navy 
gas-turbine engines is as follows: 


1 X preceding designation indicates an experimental unit. 
Shp/100 to nearest hundred. 
life (normal rated load): 


2 First part of designation 
3. Second part of designation 
(a) §, short (0 to 500 hrs). 
(b) M, medium (501 to 5000 hrs). 
(c) L, long (above 5000 hrs). 
Third part of designation: 
(a) (©, constant shaft speed. 
(b) V, variable shaft speed. 
5 Fourth part of designation—output shaft rpm to nearest 
hundred /100 (after integral gear where included ), 
6 Fifth part of designation —manufacturer. 
7 Sixth part of designation -Model No. (consecutive number= 


ao 
e => 
‘ 


1. Suilder 


2. shaft hp 
tinuous 

Se shaft hp (liax.) 

te Cycle-see 

+e Wupressor inlet 
Temp, °F 

6. Turbing falet 


7. Turbine inlet 
Jemperature 
after reheat °y 

Pressure Ratio 


10. Specific Plant 
Weight 

ll. Length 

lc. Width 

13. Height 

14, Starting Lethod 


1S. Air Mass Flow 
lbs/sec 

16. Specific Power 
hp/1bs/sec 

17, specific Fuel 
Consumption 
lbs/hp hr 

18, Plant thernal 
Eff. 

19, Higher Heating 
Value 

20. No. Primary Cam 
bustion chambers 

£1. Type Primary Com- 
bustion chambers 

22. Type Fuel Used 

No. Reheat Con- 
bustion chambers 

<4. No. Intercoolers 

25. Type Reganerators 


26. Regenerator ef- 
fectiveness 
<7. Camponents Coole 

ed 


<8 Type Cooling 


29, Ship reversing 
Method 

SOQ. Compressor 
Drive Turbine 


Sl. Turbine rpm 

32. Turbine Type 

Turbine 
Jtazes 

34. Adiabatic Tur- 
bine Eff. 4 

35. Power turbine 

36. Power turbine 
rpm 

37. Turbine Type 

38. No. Turbine 
Jtazges 

39, Adiabatic Tur- 
bine eff. 

40. Compressor 


an} 
WOe 


41. No. Caspressors 
42. Campressor rpm 
45. Gmpressor Tye 
44. No. Camyressor 
Jta5es 
45.adiaoatic Com 
pressor Efie » 
Cau, ,ressor Fress- 
are Ratio 
Ca.pressor Dis- 
charge (psia) 


* Actual test data 


+ 


9. Total Slant wt/los 


TABLE 5 
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990" 
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lone 
4.0 
234,000 


7565 


45.5° 
25.1° 
21.6' 
Electric hLotor 
200 hp 
56. 4° 
SS 
0.73° 
19,690 
2 
Cylindrical 


Diesel Oil 
None 


None 
Tubular 


Tubular 
Nozzles 


Internal 


alr 
lone 
Parallel 
5,180 
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Parallel Turbines 


5,000 


Arial 
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lov 2 379° 2, 500° 
low 
2,379° 2,500 185 
1-0-0 
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1,251* 1,400 1,650 
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5.75 3.4 39 
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1.44 31.6 2.77 2.7 
23,2" 29" 2-3/4" 16-1/2' 
23" eae 16-1/2" 5-3/4" 32" 
18 15-1/2" 5-3/6" 
Electric Lotor Electric htor Electric Electric liotor Electric Motor 
1-1/4 bp 50 bp 150 hp 
Se2 28,13° 28.8 47.5 - 
ou. 
_ 
19,690 19,690 19,690 19,690 19,690 
2 ; 1 1 1 1 
Can Type Elbow Cylindrical Annular Can Type 
Diesel 0il ‘Diesel Diesel O11 Diesel Oil Diesel O11 
None 1 1 None None 
& 
None 1 1 None None 
Tubular Extended None None 
Jurface 
75 72° - 
one Turbine Turbine Bearing Turbine Searing 
Casing Casing Casing Rotor Casing None 
@ t é 
- Internal Internal Boundary Boundary Boundary 
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Reversing Gear - None Electric Drive None Reversing Gear 
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Turbine Pressure Pressure Pressure Pressure Turbine Turbine 
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79 91 69 q - - 
Low Pressure Los Pressure Low Pressure 
2,750 ( same same ) »600 50,000 
) turbine turbine ( 
Axial ( as as ) Axial Axial 
1 ) low pressure low pressure 
( unit unit 
79 ) ( - * 
( ) = 
low High low High - o 
Pressure iresgure Pressure Pressure 
36,000 3,720° 3,012% 3,800 3,600 
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1 1 1 1 1 y 
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3 2.36 2.75 Set 
35.4° 40.5 50 57 
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assigned for each different-type engine produced by that manu- 
facturer), 


A brief discussion in chronological order of these gas-turbine 
engines, including the laboratory units, follows: 

Allis-Chalmers Manufacturing Company (Navy Model No. 
X3OLV50AC-1). This was an open-cycle unit designed for 
3500 hp utilizing regeneration as shown in Fig. 19 of this paper. 
The three primary objectives of the test program carried out at 
the U. 8. Naval Engineering Experiment Station at Annapolis 
were as follows: 


(a) To determine the feasibility of continuous operation at a 
turbine-inlet temperature of 1500 F. 

(b) To gain experience in the operation of an internal cooling 
system. 

(c) To gain experience in the control and operation of « paral- 
lel-shaft arrangement. 


The plant consists of a 20-stage axial compressor driven by a 
5-stage turbine with its own combustion chamber. The power 
turbine is a 5-stage turbine quite similar to the compressor 
turbine and has its own combustion chamber. The single re- 
generator, with an effectiveness of 57 per cent, is a counterflow 
tubular type containing 8658 ®/,-in-OD tubes. The hot exhaust 
gas flows inside the tubes, 

The first-stage turbine nozzles and both sides of the first-stage 
rotor disk can be air-cooled. The turbines are similar in con- 
struction to steam turbines having two impulse stages followed by 
three reaction stages. A throttle valve or orifice is installed in the 
power-turbine combustion-chamber inlet line to control the divi- 
sion of air flow between the two turbines. A by-pass valve is in- 
stalled in the compressor turbine to allow the first stage to be 
by-passed during starting to prevent compressor surge. 

As this unit was designed for laboratory tests, safety, flexibility 
of operation, and accessibility were of primary importance and, 
therefore, weight and efficiency were sacrificed. The unit was 
first fired on December 7, 1944, and operated about 3700 hr 
before all tests were completed. The maximum plant output, 
corrected to standard conditions, was 2990 hp at a turbine-inlet 
temperature of 1500 F. 
(9, 56, 102, 110, 111). 

DeLaval Steam Turbine Company (Navy Model No. X7MV36 
D-1). This unit was a complex open-eyele plant incorporating 


This plant was dismantled during 1951 


regeneration, intereooling, and two stages of reheat. The unusual 
feature of this gas-turbine plant was that all of the compressors 
and turbines were of the Birmann mixed-flow type. The 2-stage 
low-pressure compressor Was driven by a single-stage intermediate 
turbine and the 2-stage high-pressure compressor by a single-stage 
high-pressure turbine. The power turbine was a single-stage low- 
All three 
Plant output was to be controlled by 
maintaining constant temperature ahead of each turbine and 
changing only the flow through the plant with the movable nozzle 
vanes, 

Initially, a plant of 4000 hp was contemplated but the diffi- 
culties in procuring the large forgings necessary for the Birmann 


pressure turbine incorporating movable nozzle vanes. 
turbines were air-cooled, 


wheel made it desirable to down-rate the development to 750 hp. 
“Due to mismatching of the turbine and compressor components 
and due to low turbine efficiency under some operating conditions, 
this plant did not reach its predicted design efficiency and per- 
formance” (102). After the plant tests were completed in 1950, 
it was dismantled (33, 56). 

Elliott (Navy Model No. X25LV30E-1). This 
was a complex-cyecle plant incorporating regeneration, inter 
cooling, and reheat designed for an output of 2500 hp. The un- 
usual feature of this plant was the use of Lysholm positive-dis- 


Company 


placement-type compressors. The low-pressure compressor was 
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driven by a 12-stage high-pressure turbine developing 2500 hp 
A 15-stage low-pressure turbine developing 5000 hp, half of which 
was required to drive the high-pressure compressor, produced the 
useful work. 
the turbine casings were air-cooled. 


The compressor casings were water-cooled while 
Both turbines had shrouded 
blades. Elbow-type combustion chambers were employed. A 
tubular counterflow-type regenerator, consisting of three identical 
units in parallel, was used with the cold air passing inside the 
tubes and the hot gas making three passes across the tubes. 
A total of 8'/, miles of §/;-in-OD tubing was contained in the re- 
generator. The plant-design life was 100,000 hr. 

Shore tests were completed on this unit in 1947 and the plant 
was dismantled (5, 56, 60, 72, 99, 102, 112, 113). 

Elliott Company (Navy Model No. 30LV7E-2). The Navy 
ordered two of these plants which also had a cross-compound eycle 
quite similar to the first Elliott plant except that the turbine- 
inlet temperature was increased by 200 F, as noted in Table 5, and 
the design power was increased to 3000 hp. The Maritime Ad- 
ministration also ordered a duplicate of this plant as discussed 
previously. A 10-stage high-pressure turbine producing 2330 hp 
turned the low-pressure Lysholm compressor and a 10-stage low- 
pressure turbine producing 4500 hp, 1500 hp of which was re- 
quired for the high-pressure Lysholm compressor, produced the 
useful work. The plant pressure ratio of 5.8 used in the earlier 
2500-hp plant was lowered to 5.75. 

The low-pressure compressor had two sets of rotors; both the 
upper and lower rotors had 4 lobes in the male and 6 lobes in 
the female rotor. The high-pressure compressor had one set of 
Each turbine rotor was built up of 10 disks welded to- 
gether. The same type of turbine-rotor construction was used 
in the earlier plant. 
was used. 

It would appear that the disadvantages of the Lysholm com- 
pressor, that is, low rotative speed, high noise level, increased 


rotors. 


Only one extended-surface-type regenerator 


cost, high specific weight and limited-stage pressure rise, make this 
type unsuitable for future marine propulsion (114). 
the low-pressure turbine, it was discovered that incipient cracks 
were prevalent in the welds between the disks. The multistage 
wheels necessitated by the low rpm of the Lysholm compressors 
and the earlier decision to avoid the complication of reduction 


“On testing 


gears (between the turbines and compressors) proved to be a 
misguided choice sinee the inspection of the earlier 2500-hp 
plant disclosed the same cracks”’ (102). 

The tests on the Navy’s first plant were completed in 1951 
and the plant was dismantled (5, 9, 56, 115). 

Boeing Airplane Company (Navy Model No. 2MV27B-2- 
Boeing Model No. 502-2). This is a 160-hp simple open-cyele 
engine with a free-power turbine. Boeing initially commenced 
work on gus-turbine engines in 1943, and since 1946 the work on 
this engine has been sponsored jointly by the Bureau of Ships 
and Boeing. The engine consists of a single-sided one-stage 
centrifugal compressor driven by the single-stage axial high- 
pressure turbine and has a single-stage low-pressure axial power 
turbine. 

The first engine commenced trials in a 10-ton Kenworth truck 
in March, 1950. 
68,000 Ib. Since that time this truck has traveled many thou- 
sands of miles during hundreds of hours of operation. The first 
tests were made in a truck as the Bureau of Ships was testing a 


It embodies two can-type combustion chambers 


The tractor and semitrailer combination gross 


new semiautomatic planetary transmission ia this truck chassis 
and it appeared logical to combine the two tests. The second 
installation was in a plane-personne! boat (PPB) as shown in Fig 
3. This boat underwent tests at the U. S. Naval Engineering 
Experiment Station (EES) at Annapolis. The third installation 
was in an LCVP as shown in Fig. 5. This boat is now being 
tested at FES. Fig. 21 shows the installed engine. 
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The versatility of the gas-turbine engine is demonstrated by 
the many different applications made of this engine. In ad- 
dition to those previously discussed, this same basic engine is 
being test-evaluated for possible future military application by a 
number of the Armed Forces. Among these is the Navy’s Bureau 
of Aeronautics for a helicopter drive, the Army’s Corps of En- 
gineers for several applications and, as discussed in the next 
section, it is also being used by the Bureau of Ships in mine- 
sweepers (5, 9, 56, 57, 112, 116, 117, 118, 119, 120, 121). 

Solar Aircraft Company (Navy Model No. 5MV20S-4-Solar 
Model No. T-522). This is a 500-hp simple open-cycle gas-turbine 
engine with a free-power turbine. It is similar to the Solar Model 
No. 3MCS80S-1 engine discussed in the next section. This engine 
will be used for propulsion of small naval craft. 

Allison Division of General Motors Corporation (Navy Model 
No. 20MV20A-1). This is a 2000-hp simple open-cycle gas- 
turbine engine with a free-power turbine. It will be used for 
propulsion of high-speed naval craft. 


England, 


Vetropolitan-Vickers Electrical Company, Ltd. (Model G-1 
Gatric). This is a 2500-shp simple open-cycle engine with a 
free-power turbine which is an adaptation of the F.2 jet engine 
made by Metrovick (56). The MGB 2009 (later the MTB 
5559) shown in Fig. 1, with one Gatric engine and two Packard 
gasoline engines, first went to sea in 1947. The gasoline engines 
were used for cruising and reversing power while the gas-turbine 
engine was used for high-speed operation. The compressor is a 
9-stage axial-flow unit having aluminum blades and casing and is 
driven by the 2-stage axial-flow high-pressure turbine. The 
mechanically independent low-pressure power turbine is a 4- 
stage axial-flow unit. It has an unusual-type combustion cham- 
ber for a marine unit—an annular chamber with 20 fixed-orifice 
jet nozzles. Another unusual feature for a marine propulsion 
engine is the oil-mist type of lubrication system. Each side of the 
compressor turbine disk is cooled by air taken from the compres- 


“Gatric” 
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sor outlet. The interior of the power-turbine drum is air-cooled 
by fifth-stage compressor extraction air. 

The installation details of the Gatric engine are shown in Fig. 8 
and the installed engine is shown in Fig. 20. Initially, the gaus- 
turbine engine was fitted with a clutch located between the pro- 
peller and reduction gear (and integral with the gear) to prevent 
the power turbine from motoring when the boat was powered 
by only the gasoline engines. ‘Tests indicated that this clutch 
was unnecessary as the power being wasted in windmilling the 
power turbine with both gasoline engines at rated power was 
only 1.3 per cent. The difference in vessel speed between having 
the clutch locked in the engaged position and being freed was onl) 
0.18 knots (122). 

Three Gatric engines have been built and used in the MTB 
5559. The first is now in the South Kensington Science Museum 
and the second is undergoing turbine blade-vibration and residual- 
fuels tests for the Admiralty (3, 4, 5, 7, 9, 18, 21, 45, 56, 85, 
102, 123, 124, 125, 126, 127, 128, 129). . 

Rover Company, Ltd. (Model T.8). As mentioned in a compan- 
ion paper,® the gas-turbine engine manufactured by this company 
has been installed in two vessels: the Torquil shown in Fig. 2, 
and the HL 3964 shown in Fig. 4. It is a 150 to 185-hp open 
simple-cycle engine with a free-power turbine as shown in Fig. 22 
This engine is similar to the Boeing engine and, interestingly 
enough, is also being used for vehicle propulsion but in an auto- 
mobile instead of a truck. It consists of a single-sided one- 
stage centrifugal compressor driven by a single-stage axial-flow 
high-pressure turbine and has a single-stage low-pressure axial- 
flow power turbine. Only one can-type combustion chamber is 
used as opposed to the first Rover engines which used two com- 
bustion chambers. 

Two of the Rover T.8 gas-turbinesengines were installed in 
the triple-screw launch T'orquil. The central screw was powered 
by a Dorman 4 DSM Diesel engine. The British Admiralty 
launch HL 3964 has a single Rover T.8 engine for main pro- 


pulsion. It is the first British boat to depend solely on a gas- 


Gas-TurBINE ENGINE as INeTALLED IN MTB 555% 


(Official Admiralty photograph.) 
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ENGINE IN A 
Navy LCVP 
(Otheial Navy photograph.) 


turbine engine for propulsion following soon after the Boeing 
powered PPB in the United States. The Admiralty installed this 
yas-turbine engine in the HL 3964 to evaluate maintenance, 
as present engines in coastal craft, ship’s boats, and harbor 
launshes have always presented a major maintenance problem 
(130). Four of these engines have been furnished the British 
Admiralty (85), 
tor to add to this engine in order to improve the thermal efficiency 
(5, 9, 45, 56, 131, 132, 133). 

Vetropolitan-Vickers Electrical Company, Ltd. 


The Rover Company is working on a regeners- 


This is a 4800- 
shp open-eyele gas-turbine engine of the same general type as the 
“Beryl” turbojet engine and the earlier 2500-shp Gatric unit made 
by Metrovick (4, 7). 
gas-turbine engines and two Diesel engines are installed in both 
the MTB 5701 and 5720 


It is a light, medium-life engine. Two 


The gas-turbine engines are used for 


boost power and the Diesel engines for cruising and reversing 
(7). The MTB 5701 is 120 ft long with a beam of 25 ft. The 
MTB 5720 is 122 ft 8 in. long with a beam of 20 ft (5, 6, 134, 135 

Pametrada, Design work has been done on a 15,000-shp gas-tur 
bine plant for the Admiralty. 
plant is reportedly on test. However, it is no longer intended to 
build the plant (13, 56, 85, 136). 

The English Electric Company, Lid. This company has built a 
6000-shp gas-turbine plant for the Admiralty, to be installed 
in the 1400-ton Captain Class frigate the IIMS Hotham. This 
vessel now has a steam-driven turboelectrie plant of 6600 hp. 


A combustion chamber for this 


The gas-turbine plant was designed with the same output speed 
is the steam plant so that all of the existing electrical propulsion 
«quipment could be retained, allowing a direct-comparison per- 
ormance between the steam and gas-turbine plants. 

Few details on the arrangement of this plant have been re- 
It is reportedly a heavy long-life plant using “ Yor- 
ealnic’” tubes in a regenerator, and includes a 15-stage axial-flow 


leased, 
compressor (5, 13, 45). This plant is now on test (0, 56, 85, 
102, 123. 136, 137) 

Rolls-Royce, Lid. This concern is building a 6000-bhp medium- 
life gas-turbine plant for the Admiralty. It will be installed in 
the 250-ton gunboat IIMS Gray Goose which is now propelled 
by an 8000-shp steam-turbine plant. Noother details are availa- 
ble on this unit (5, 9, 56, 85, 102, 137). 


France. 


Soerélé Turbomeca. This company has specialized light- 
weight gas-turbine engines. The French Navy has ordered a 
3500-shp simple open-cyele short-life unit for boost power in a 
naval gunboat. This engine has a centrifugal compressor and 1 
Fig. 23 shows the in- 


stallation details of this engine in the gunboat 


2-stage axial-flow free-power turbine. 


This engine is 


now under construction at Bordes (1, 5, 56). : 


Sweden. 


DeLavals Angturbin, A 2400-bp simple open-evele engine is 
being built by this company for the Swedish Navy. It will be in- 
stalled in a torpedo boat in an installation similar to that of the 
MTB 5559.) The engine has «a centrifugal compressor, « single- 
stage high 
single-stage low-pressure axial free-power turbine. 


turbine, 


axial pressure-compressor-drive and a 


PrResENT AUXILIARY PLANTS 


The possibility of battle damage, to which naval vessels are 
always susceptible in time of war, creates a demand for equip- 
ment not usually found in merchant service. Two such applica- 
tions found on all major combatant ships are emergency electrical 
generators and portable fire-fighting equipment. The gas-turbine 
engine is a “natural” for emergency power generation owing to its 
quick-starting characteristics, low weight, and volume, simplicity 
Another ideal application of 
this type engine is to furnish power for portable fire pumps. — In 


of control, and low maintenance. 


addition to the foregoing advantages, for this service the ability 
of the gas turbine engine to use nonvolatile fuel is extremely im- 
portant. 
would be for portable air heaters. 


Another advantageous use of the gas-turbine engine 


It would be anticipated that the gas-turbine engine used for 
auniliary purposes would be of the simple open-cycle type. The 
three applications just discussed have low use factors and, there- 
fore, thermal efficiency is relatively unimportant. 

The propulsion gas-turbine plants discussed in a companion 
paper® and in the preceding section of this paper had at least 
Auxiliary 
gas-turbine engines usually will be constant-speed single-shaft en- 


two turbines, mechanically independent of each other. 
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Turpomecs 3500-Hp Gas-Tursine ENGINE IN 


FRENCH GUNBOAT 
(Photo from The Oil Engine and Gas Turbine.) 


gines and, therefore, will be able to attain the ultimate in sim- 
plicity. 

It is not surprising, considering their many advantages, that a 
large number of gas-turbine engines are built or building for naval 
auxiliary service 

Six different types of auxiliary gas-turbine engines are now in 
service, on test, or under construction. Four of these engines were 
developed for the Bureau of Ships. 
are discussed in the following by country.’ 


an 
These gas-turbine engines 


(nited States. 


Solar Aircraft Company (Navy Model No. IMC458-2, Solar 
Model No. T-45). 
engine shown in Fig. 24. 
1948, to develop this engine to drive a centrifugal water pump of 
the same rating as the pump used on the Navy type P-500 porta- 


This is a 45-hp open simple-eyele gas-turbine 
A coutract was awarded Solar in June, 


ble water pump. This engine has been undergoing tests at the 
U.S. Naval Engineering Experiment Station since June, 1950 
The engine is extremely simple, consisting of a single-sided 
single-stage centrifugal compressor, an elbow-type combustion 
The simplicity of the 
compresser-turbine rotor assembly is shown in Fig, 25. It is the 
first gas-turbine engine in the world to utilize manual starting 
The starting method employs two handeranks on a shaft turned 


chamber, and a single-stage radial turbine. 


by either on. or two men, One operator can crank the unit up to 


sustaining speed in 45 sec. 
Two men can carry the engine-pump assembly easily. After 
once being started, occasional checks of the fuel supply and oil 


7 Detailed design information when available, is listed for these en- 
gines in Table 6 of this paper. 


Pomp 
pressure are the only functions necessary for the operator to per- 


form, As this engine is presently used in portable fire-fighting 
equipment, Diesel fuel is used 


sium 
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TABLE 6 NAVAL 


Builder W. H. Allen Sons 


This engine has made about 500 starts and has operated 92 hr 
on tests at the U.S. Naval Engineering Experiment Station (5, 9, 
138, 139, 140, 141). 

Solar Aircraft Company (Navy Model No. 3MC808-1, 
Solar Model No, T-400). In June, 1947, a contract was 
iwarded Solar to construct a 250-kw gas-turbine-generator set to 
provide emergency power for a ship being constructed by the 
Bath Iron Works Corporation for the U. 8. Navy. This engine 
consists of « 10-stage axial compressor, a 2-stage turbine, and a 
single can-type combustion chamber as shown in Fig. 26. It in- 
corporates an inlet silencer and an exhaust muffler. The com- 
pressor discharge air makes a 180 deg reversal in direction before 
entering the combustion chamber. This shortens the power 
plant by more than 15 per cent. Three cooling-air fans provide 
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Solar Aircraft Solar Aircraft 


& Co. Ltd. Company Company Company 
2. Shaft hp 1,800 160 = 47 * 317 * 
Continuous 
3. Shaft hp (Max.) 1,820 * “ 57 317 
Cycle 1-0-0 1-0-0 10 
See Ref. 23 
5. Compressor Inlet & 80 a.) 80 
Teap. °F 
6. Turbine Inlet 1,200 1,550 ile * 1,500 
Temp. °F 
7. Pressure Ratio 4.25 3 4.8 
8. Total Plant 19,000 230 104 561 
Weight lbs 
9. Specific Plant 10.5 1.44 2.21 1.77 
Weight lbs/hp 
10. Length 16' 23.2" 24.5" 53.8" 
ll. Width 8' 6" 23" 27.5" 29" 
12. Height oF 39.8" 22.3" 33* 
13. Starting Method Electric Motor “a Hand Crank Compressed Air 
hp 
4. Air Mass Flow 3.2 2.35 * 6.6 
1bs/sec ae 
15. Specific Power 48.5 50 20 48 
hp/1bs/sec 
16. Specific Fuel Con- 0.625 1.3 2.22 # 1.07 * 
sumption 
lbs/hp br 
17. Plant Thermal 20.8 10 5.8 1 
Eff. % 
18. Higher Heating 19,690 19,90 19,690 19,690 
Value 
19. No. Combustion 8 2 1 1 
Chambers 
20. Type Combustion Can Type Can Type Elbow Can Type 
Chambers 
21. Fuel Used Diesel Oil Diesel Oil Diesel Oil Diesel Oil 
22. Type Regmerator Tubular None None None 
23. Regenerator Ef- 70 - - - 
fectiveness % 
24. Components Cooled Turbine Turbine None None 
Casing Disc 
25. Type Cooling Internal Boundary - - 
Air Layer Air 
26. Compressor Drive Tur, High Pressure High Pressure - 
27. Turbine rpm 8,000 36,000 40, 300 
28. Turbine Type Axial Adal Radial 
29. No. Turbine Stages 2 1 1 
30. Adiabatic Turbine 85 * 79 78 * 
Eff. 
31. Power Turbine Low Pressure Low Pressure None 
32. Turbine rpm 6,750 2,750 - 
33. Turbine Type Axial Adial - 
34. No. Turbine 1 
Stages 
35. Adiabatic 85 19 - 
bine Eff. 
36. Compressor No. 1 ‘) 1 1 
37. Compressor rpm 8,000 36,000 40, 300 
38. Compressor Type Axial Centrifugal Centrifugal 
39. No. Compressor 13 ae 1 
Stages 
40. Adiabatic Com- 85 * 75 74.5 # 
41. Compressor Dis- 60 36 
charge 
= i \ oat 


cooling air for the area around the compressor thrust bearing 
at the inlet end, the forward side of the first-stage turbine disk, 
and the after side of the second-stage turbine disk. One fan is 
mounted integrally with the forward first-stage turbine disk and 
the third on the downstream side of the second-stage turbine disk. 

The engine is started by high-pressure compressed air (3000 psi 
reduced to 400 psi) and requires 17 sec to go from dead cold plant 
to full speed. Inasmuch as this unit is for emergency service it 
has completely automatic controls. The plant can start, come up 
to rated speed, and apply load to the generator with no operating 
personnel present. It is interesting to note that this gas-turbine 
engine weighs only 7 per cent as much as the Diesel engine which 
it supplants. 

This plant was initially run in September, 1949, and was de- 
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hia. 25) Tursine-Compressor Rotor From Sorar 45-Hp Gas- 
TURBINE 


livered to the U. S. Naval Engineering Experiment Station in 
June, 1950, for further testing. It successfully completed about 
40 hr of shore test operation before it was delivered to the ship- 
yard in February, 1951, for installation (5, 8, 92). 

Boeing Airplane Company (Navy Model No. 2MV27B-4, 
Boeing Model 502-6). In September, 1950, the Bureau of 
Ships awarded a contract to Boeing for the construction of a 
number of gas-turbine engines to furnish power for mine-sweepe! 
generators. With the exception of the control and exhaust sys- 
tems these engines are similar to the Boeing Model 2MV27B-2 


discussed in the preceding seetion. Fig. 27 shows one of these 


gas-turbine-generator sets. A number of these units will shortly 
be in service (56, 142). 
Solar Aircraft Company (Navy Model No. 5MC208-5, 


Solar Model No. T-520). This gas-turbine engine is similar to Is 


Navy's Sonar Gas-Tursine ENGINE POR EMERGENCY 
the Solar Model 5MV20S-4 discussed in the preceding section Generator Drive 


Navy's Boeing Gas-TunBINE Generator Ser 
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hig. 20) Cross Section of ALLEN LOOO-Kw Gas-TurRBINE ENGINE 


With the exeeption that it is a constant-speed engine. Tt will 


initially be used for generator drive. 


England 


In 1948 the Admiralty 
awarded a LOOO-kw gas-turbine- 
generator set shown on test in Fig. 28. The unit was to have a 
total design life of 100,000 hr, 65,000 hr of which was to be at 
SO per cent power and an ambient temperature of 60 F; 33,000 
brat SO per cent power at an ambient temperature of 100 Ff, and 
2000 hroat full power at an 
It was to be capable of a 200 per cent overload for 10 min. In so 
fur as is known, this is the first marine gas-turbine plant to be 


Allen, Sons and Company, Lid 


a contract to this concern for 


ambient temperature of 


rated at an ambient temperature of 100 F 

This engine consists of a 13-stage axial-flow compressor driven 
by # 2-stage axial-flow high-pressure turbine, a free single-stage 
axial-flow power turbine, eight combustion chambers, and a re- 
generator with an effectiveness of 70 per cent. Fig. 29 shows a 
cross section of this engine, and it will be noted the hot gas re- 
verses flow between the combustion chamber and the compressor- 


drive turbine. 


All turbine blades are wired toge ics in groups of ten, Com- 
pressor discharge air is used to cool both sides of the turbine rotor 
disks and the turbine 


typical can-type units but with an unusual ignition system. 


casing. The combustion chambers are 
Four 
spark plugs are located in every other crossfire tube so that each 
chamber is adjacent to a spark plug. This engine also has an 
annular-type regenerator which results in a compact arrangement. 
to the 
regenerator where it makes two passes before entering the comi- 
There 16,500 Yor- 
calnie tubes in this regenerator, resulting in a total tube length 


Sixteen diffuser pipes lead the compressor discharge air 


bustion chambers. is a total of 
of 12 miles. 
ach component of the engine is so constructed that it can be re- 
moved from the engine independently of the others, 


The exhaust gas makes « single pass across the tubes. 


It is anticipated that major engine overhauls will occur every 
5000 hr and minor overhauls every 1000 hr. The time from 
cold plant to full load is given as 1'/, min, although the normal 
time taken is about 6 min. This gas-turbine engine, without its 
early 1951. Full speed, 
first series of tests 


heat exchanger, has been on test since 
full load, and overload were achieved in the 


(5, 44, 45, 85, 123, 143, 144, 145, 146). 


hic. 28) Gas-Tursine ENGINE ON Tes 


Wlen, Sons and Co., The Admiralty has announced 


this concern is also constructing 


Wo 
that 


short-lite, gas-turbine engine for emergency power generation, 


a 300-hp, simple-cyele, 
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 Gas-Turbine Progress Report— 


By LEE SCHNEITTER, 


Stationary Electric Generation 
NEW YORK, N.Y. 


Domestic PROGRESS 


FEN demand for jet engines during World War TE provided 
| i stimulus for broader development of gas turbines in 
this country. Shortly after the war, several manufac- 
turers built and tested experimental units of modified aircraft 
design and on July 20, 1949, the first stationary-type gas-turbine 
electric-generating unit went into service in a central station in 
this country. To date, this unit has operated over 20,000 hr 
and generated about 90,000,000 kwhr. 
in this country are building gas- 


About six manufacturers 


turbine units suitable for electrie generation. Records show thet 
these manufacturers have built, or have under construction, 
about twenty-three generating units with total capacity approxi 
mately 100,000 kw. 
lated from units in service but much more is needed. 
indicate favorable results with units operating on natural gas 


but some troubles with units burning residual fuel oils. No 


Some operating experience has been accumu 


Reports 


coal-burning units have been installed but experimental work on 
a coal-fired locomotive unit is being followed with interest 

Table 1 shows principal specifieation data on gas-turbine units 
built or under construction in this country for electric generation. 
It will be noted that all gas-turbine units sold to date for central- 
station service in the United States are designed for open-cvcle 
operation, Machines of the simple-evcle type develop thermal 
efficiencies around 15 to 18 per cent while those with one stage 
of regeneration show efficiencies around 21 to 23 per cent. Units 
of the compound type with intercooler and regenerator are offered 
with efficiencies around 26 per cent or better. 

\ review of the data shows that there is an equal distribution 
of units sold for operation with natural gas and with oil fuel 
Designs are based on inlet-gas temperatures ranging from 1350 
to 1540 F. 
closed cycles are recognized, builders in the United States appar- 
ently feel that the simple and direct solution offers the greatest 
Complex 


While advantages claimed for ‘closed and = semi- 


immediate possibilities for success in this country. 
designs with dual shafts, various stages of compression, intercool- 
ing, regeneration, and, in some cases, secondary reheat, have 
been avoided. Even where need for higher efficiency or control 
flexibility requires two-shaft design and complication of the 
' Mechanical Engineer, Ebasco Services, Inc. Mem. ASME 
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evele by intercooling and reheating, every effort has been made 
to retain simplicity of layout and compactness. In some designs 
this has led to use of the so-called split turbine, giving the advan- 
tages of two-shaft design while permitting in-line arrangement 
of component parts. 

Further details on types and designs of gas-turbine units for 
electric generation are given in the paragraphs which follow 

The largest gas-turbine-generating unit under construction in 
this country is a 15,000-kw Westinghouse Electric Corporation 
set, ordered by the Public Service Company of Oklahoma for a 
MeAlester, Okla 
by the end of 1953, for operation in 1054 


Installation will be completed 
This is 


station at 
an open 
evele, compound, intercooled, regenerative unit. [ts over-all 
thermal efficiency will be 25.7 per cent, based on high-heat value 
Unit will have a maximum continuous overload 


The turbine 


of natural gas. 
rating (at low ambient temperatures ) of 25 per cent. 
will be direct connected to a 3600-rpm, enclosed, hydrogen-cooled 
15 ft x SO ft 18 ft 
The evele diagram for 


generator. Approximate dimensions are 
high, and total weight about 689,000 |b. 


this unit is shown in Fig. 1. This eycle shows a low-pressure 


Exwaust GAS 
- 
e TO ATMOSPHERE 


ATMOSPHERIC 
alr 


POWLA 
COUPLING 


COOLING 
MEDIUM 


Cyc te DiaGram ror 15,000-Kw Gas-Tur 
BINE GENERATING 


bia. 


Air from the low- 
pressure compressor is cooled in an intercooler and then passes 


compressor driven by a low-pressure turbine. 


to the high-pressure compressor, which is driven by the high- 
pressure turbine. Air from the high-pressure compressor passe 
through the regenerator and then to the combustors where fue! 
is supplied. Hot gases from the combustors pass through the 
high-pressure turbine and then the low-pressure turbine, and the 
exhaust passes through the regenerator and to the atmosphere 
The electrie generator is driven from shaft at the end of the high 
pressure compressor. 

Eleven 5000-kw, open-eyele, compound, electric-generating 
units are being furnished by General Eleetrie Company. Five 
of the eleven already have been installed and placed in operation 
The operating cycle is similar to that for the 15,000-kw Westing- 
house unit just described, although the gas-inlet temperature is 
1500 F instead of 1350 FF. The pressure ratio is 9:1 and turbine 
shaft speeds are 8700 and 7200 rpm, respectively, with power 
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TABLE 1 GAS TURBINES FOR ELECTRIC GENERATION 


rating,@ Initial 4 Operating Press Fuel 
kw Buildert User Location operation per cente eycle ratio type 
15000 Ww Pub Serv Co of Oklahoma McAlester, Okla. 1954 25.7 compound Nat gas 
Kleetric generation 
5000 Ww West Texas Utilities Stockton, Tex. 1952 18.3 simple Nat gas 
Electric generation 
(2) 5000 GE Bangor Hydro-Elect Co Bangor, Me. 1950-1952 26.4 compound 90 Oil 
Electric generation 
(3) = 6000 GE Central Vt Pub Service — Rutland, Vt 1951-1952 26.4 compound 90 Oil 
Electric generation 
(4) 5000 Gh Connecticut Lt & Pwr Co Electric generation 1952-1953 26.4 compound 90 Oil 
5000 Gk Pub Serv Co of Oklahoma Elk City, Okla. 1951 25.5 compound 90 Nat gas 
Electric generation 
5000 GE Narragansett Elect Co Electric generation 1953 26.4 compound 9.0 Oil 
4000 GE ‘Texas Pwr & Lt Co Gainesville, Tex. 1952 21.5 regenerative 55 Nat gas 
Electric generation 
3500 Shop Test Unit Halen 1952 22.5 regenerative = Oil 
3500 Gk Oklahoma Gas & Elect Co Belle Isle Station 1949 15.6 simple 6.0 Nat gas 
Electric generation 
3500 GE Oklahoma Gas & Elect Co Belle Isle No, 2 1952 15.6 simple 5.0 Nat gas 
Electric generation 
3500 GE Central Maine Pwr Co Augusta, Me. 1950 16.2 simple 60 Oil 
Electric generation 
(2) 3500 GE Montana-Dakota Util Co Williston, Dak. 1953 15.6 simple 6.0 Nat gas 
Electric generation 
1250 Ww Shop Test Unit : 1949-1952 15.9 simple 5.0 Oil 
200 8 U 8 Navy— Bureau of Ships Emergency gen unit 1949-1951 11.0 simple 4.8 D-oil 
(under test) 
320 hp Bb U 8 Navy — Bureau of Ships Mine sweepers é 10.0 simple i) D-oil 
Aux gen units (under test) me 


@ Figures in parentheses indicate number of units. 
Builders 
Boeing Airplane Co. 
GE, General Electric Co. 
8S, Solar Aircraft Co, 
W, Westinghouse Electric Corp 
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take-off at 3600 rpm. The dual axial-flow compressors have 9 
and I1 stages, respectively. All but one of the 5000-kw General 
Electric gas turbines were sold to power companies in New England 
for operation on oil fuel, Units installed have seen very few 
operating hours to date, 
company in Oklahoma for operation on gas fuel has operated over 
4200 hr. 

Another type of gas turbine developed by General Electric 


The single unit installed by a utility 


consists of a simple-cyele, split-shaft machine, with regenerator. 
This machine is nominally rated at 5000 hp for mechanical drive 
with variable speed or load, or rated 3500/4000 kw for constant- 
speed power generation, One of these machines was recently 
installed by the Texas Power & Light Company at a generation 
station in Texas for operation on natural gas. Operating gas 
temperature is 1450 F, at which the thermal efficiency is ex- 
pected to be 21.5 per cent. Regenerator effectivencss is 80 
per cent, 

The unit includes a high-pressure turbine that drives a compres- 
sor for supplying air to the combustion chambers through the re- 
generator, and heated by the turbine exhaust. Hot gases dis- 
charged from the high-pressure turbine pass through an independ- 
ently mounted load-shaft turbine, which is in the same casing 
with the high-pressure turbine. A evele diagram for the regenera- 
tive-type gas turbine is shown in Fig. 2. A similar type unit 
rated at 3500 kw is also under shop test by Westinghouse. 

A number of simple-cycle gas-turbine generating units have 
been constructed. A 5000-kw Westinghouse set designed for 
gas temperature of 1350 F and expected efficiency of 18.3 per 
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cent is being furnished to the West Texas Utilities Company 
Five 3500-kw units have been sold by General Electric Com- 
pany. The first of these units, installed at Belle Isle Station 
of the Oklahoma Gas & Electric Company in July, 1949, already 
has been referred to as operating over 20,000 br and as generating 
about 90,000,000 kwhr. The General Electric units are designed 
for gas temperature of 1400 F and thermal efficiency of 15.6 per 
cent on gas. Performance of these units on gas fuel has been 
most satisfactory, 

Another 3500-kw General Electric, simple-cycle, generating 
unit installed by Central Maine Power Company in August, 
1950, for operation on residual fuel oil, has operated 726 hr only 
and has generated about 2,000,000 kwhr. This unit developed 
trouble from corrosion due to the presence of vanadium pentoxide 
in the fuel ash. While research is under way to develop metals 
that will resist this form of corrosion, the problem is still unsolved. 
Fuel oils, purchased on special specifications, are required in 
order to avoid vanadium-pentoxide corrosion. 

Several designs of small, high-speed, gas-turbine generating 
sets have been developed during the past two or three years. A 
200-kw emergency generating unit has been developed by Solar 
Aircraft Company and is under test by the United States Navy. 
The unit is designed for 1540 F gas temperature and for opera- 
tion on light Diesel oi] with thermal efficiency around 10 to 11 
per cent. Units of this type are of light weight and require 
minimum space but are suitable only for low use factor, where 
fuel consumption is of secondary importance. The turbine is 
designated Mode] T-400 and operates around 20,000 rpm. After 
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IN THE UNITED STATES (BUILT OR UNDER CONSTRUCTION) 


— -~ - 
Inlet gas Shaft Inter- 
temp, Shafts speeds, Blade coolers 
q deg } No rpm 
1350 2 3600 / 3600 Yes 1 
Power 3600 
1350 1 5700/3600 Yes 
1500 2 8700/7200 Yes , i 
Power 3600 
1500 y 8700/7200 Yes 
Power 3600 
1500 p 8700/7200 Yes 
Power 3600 
1500 8700/7200 Yes 
Power 3600 
1500 y 8700/7200 Yes 
Power 3600 
1450 6900 /5000 Yes 
Power 3600 
1350 6500/5000 Yes 
Power 3600 
1400 6700/3600 


1400 6700/3600 

1400 6700/3600 Yes 
1400 6700/3600 Yes 
1350 8700/3600 None | 
1540 20138/3600 None 
1500 36000 /22500 Disk 


Power 3600 


Efficiencies on basis of high-heat value of fuel. 
Combustors: 
M, Multiple (more than two). 
S, Single. 
D, Double (two combustors in parallel) 


some modifications and improvements, the unit has completed 
rigid tests and is ready for production. The Solar unit is also 
being considered for propulsion of land vehicles and small Navy 
craft. Tests also are under way on a 45-hp Solar gas turbine that 
is hand-started and arranged to drive a portable emergency fire 
pump or generator. 

The Boeing Airplane Company also has developed a high- 
speed, lightweight, auxiliary generating unit rated around 320 
The Boeing turbine is a split-shaft 


machine with turbines operating at 36,000 and 22,500 rpm, re- 


hp with twin-turbine drive 


spectively. Gas temperature is 1500 F when operating on Diesel 
fuel and thermal efficiency around 10 per cent or less. Tests 
have been under way since 1950, and some design changes have 
been made to improve reliability and operation. Although many 
difficulties have been encountered and fuel consumption is far 
from good, development work is continuing and further improve- 
ments are expected. 

Allis-Chalmers, after building around twenty-five gas turbines 
during the past 15 years, for operation in Houdry refineries, has 
not as yet furnished any electric generating units for central 
stations. The company previously offered units up to 7500 kw, 
but reports a slowing down in sales activity until the present 
limitations on materials and manpower clear up. 

Elliott Company —a builder of several gas-turbine units for 
the U.S. Navy and for locomotive service —has not as yet entered 
the central-station field. 

Recent reports indicate that the United States Navy, Bureau 
of Yards and Docks, issued specifications for bids on a compact, 
mobile, gas-turbine generating plant, rated 4000 kw. The unit 
is designed to fit a 70-ft railway car, but will be removable for 
barge or ship transportation. Specifications are precise and rigid 
covering all kinds of service and operating conditions, 

While no coal-burning gas-turbine units have been offered for 
central-station operation, the work of the Locomotive Develop 
ment Committee on this project will be of interest to some of the 
central-station operators. At the same time, certain gas-turbine 
manufacturers are continuing their support of « coal-gasification 
program. This development relating to combinition gas pro- 
ducer and gas turbine seems to offer some solution to the problems 
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e Compressors type: 
A, Axial flow 
C, Centrifugal. 


connected with burning solid fuels. Research on this project 
no doubt will be continued. 

Corrosion of the high-temperature gas-path parts by residual 
fuel-oil ash has proved to be a major problem. The chemical 
elements of vanadium, sodium, and carbon in the ash deposit 
resulting from combustion o: residual fuels, have been found to 
be active attacking agents. Investigation of the problem has 
developed ways of distinguishing sodium from vanadium corro- 
sion and has led to the selection of alloys having greater resistance 
tocorrosion. However, the problem is still not solved, and further 
research will be required. 

It is interesting to note that practically all gas-turbine-electric 
generating units sold to date have been ordered by public-utility 
operating companies. Aside from the gas turbines placed in 
Houdry refinery service, there is no record of any units for elee- 
trie generation having been ordered by industrial plants. There- 
fore it is apparent from this report that the gas turbine for elee- 
tric generation is still in its infaney. The few units purchased 
by utility companies have been justified on the basis of some 
special economic advantage or on the basis of their need for sea- 
sonal, stand-by, peak-load or end-of-liae service, in connection 
with certain power systems. The possibility of using waste- 
heat recovery from a gas turbine to increase the capacity or in 
other ways to improve the over-all heat rate of an existing plant 
has been applied in one ease only. It can be concluded that gas 
turbines of larger capacity and greater efficiency must bedeveloped 
before the major power companies will become interested to any 
extent in this type of prime mover as a base-load power unit 
Until refinements in design and efficiencies are made, we may 
expect to see a limited number of basic types of gas turbines used 
for electric generation in this country 


ForeIGN Progress 


Reports from foreign manufacturers of gas turbines show con- 
tinuous development of units for central-station and industrial 
power generation. English, Swiss, and French builders are lead- 
ing in number of stationary units built or under construction for 
electric generation. Builders in these three countries, plus one 


in Sweden, have delivered or have under construction a total of 
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PABLE 2 FOREIGN GAS TURBINES FOR ELECTRIC GENERATION (BUILT OR UNDER CONSTRUCTION) rs 
Normal Inlet Thermal > 
rating,” gastemp, Tress Operating Fuel eff 
Builder’ User kw deg F ratio cycle type per cent® Remarks 
hast African & Co Ltd (2) 2500 4.6 Simple Ou 20 Under construction 
No of Seotland Hydro EFleetriec Board 12500 10 Closed Ont 30.9 Being erected —-Escher-Wyss Lic 
Dundee compound 
BK Metropolitan Water Board 2500 1440 10 Simple D-oil 15.6 For stand-by service 
Ki Metropolitan Water Board 1875 Simple Oil For stand-by service 
hl Ministry of Fuel & Power (2) 2000 Pulv coal For coal and gas-burning tests 
hk Unspecified (2) 20000 Oil Peak-load generation 
British Electricity Authority, Trafford 
(jen Station 15000 1200 100) Compound 3 Being installed 
M\ Metropolitan Water Board 2500 1200 5.4 Simple D-oil 160 Under construction 
MV Ministry of Fuel & Power 2000 1250 3.2 Simple Prod gas 19.4 bor coal-burning tests 
MV Shell Petroleum Co Ltd Maracaibo 
7 Venezuela 1750 1185 5.2 Simple Nat gas 15 0 Under construction *~ 
Pp Shop test unit 2500 1200 1.0 Simple Oil Under construction 
Nat'l Gas Turb Establishment Dye 
stock Station 10000 1200 10.0 Compound Onl 264 Under construction 
british Elee tricity Authority -Duns- 
: ton “A” Power Station 15000 1200 Compound On! 26.3 Under construction 
RH No of Scotland Hydro-Eleet Board 750 1345 4.0 Compound Peat Under construction 
PRANCE 
RI Test unit 2000 1202 3.8 Simple Oi 0 Under test and redesign ? 
SWITZERLAND 
ne Munteipal Electric Supply Neuchatel 
Switzerland 1000 40) Simple In service since 1930 
Anglo Lranian Oil Co Ltd (3) 4000 16 Simple Nat gas Twoinstalled operation delayed 
BE Corp Peruano del Santo Chimbote, 
Peru noo 16 Simple Onl In Installed 194% 4 
BB bilaret Sta Bucharest, Romania 1100 12.0 Compound Nat gas 21.4 Refinery umit 
BB Lima Lt Pwr & Tranwy Co, Santa = 
Rosa Station, Peru 8 0 Compound Onl 28.2 Base-load unit 
BB Venezolana de Cementos Caracas 
Venezuela (2) 1650 Regenerative onl 207 Two units operating 
RB Aralbnan-American Oil Co (4) 1200 1 Simple Nat gas we For oil-field operations 
(A Venezolana de Cementos Cara S000 16 Simple Nat gas 0 For installation in 1952 
cas, Venezuela or oil 
BE Raymond Arcache & Co, Alexandria 
egypt 1200 3.0 Regenerative Onl 21.6 Refrigeration plant 
BB Arbed Steel Works, Dudelange, Lux 
emburg 5400 3.6 Regenerative Gas 21.4 In operation 
BB N Pwr Co —-Beznau Station 13000 1112 0 Dblecompound = 28.7 Stand-by to hydro 
BB N Pwr Co  Beznau Station 27000 8.0 Dblecompound Oil 32.4 Stand-by to hydro 
hw Shop test unit 2000 1202 3.8 Closed 1)-oil 20 6 Closed-cyele compound unit 
Lw Kleetricite de France St. Denis Sta- 
tion, Paris 12500 1250 11 6 Closed Oil $2.0  Closed-cycle compound unit 
a) Shop test unit 1000 1200 10 Compound Oil ‘Tested extensively 
o Compagnie Blectricite et Gaz d' Algerie 730 1200 Regenerative Oil Waste-heat recovery included 
8s N EB Pwr Co--Weinfelden Station 20000 1200 20 0) Semiclosed Oil 3001 Stand-by to hydro 
SWEDEN 
SW STAL Factory Under test 
Builders a 
BK, Brown Boveri & Co., Ltd. 0 de Construe Oecerlikon 
British Thomson-Houston Co., Ltd C. A. Parson Co. 
a English Electric Co., Ltd. RT, Rateau Co. 
Eacher-Wyss Engrg. Works, Ltd S, Sulzer Bros., Ltd. 
1K, John Brown & Co., Ltd _ SW, Swenska Turbinsfabriks Aktiebolaget Ljungstrom 
MV, Metropolitan-Vickers Elec. Co., Ltd 
Figures in parentheses indicate number of units. 


© Thermal efliciencies based on high-heat value of fuel 


totaling about 275,000 
in England inereased beyond all expectations 


forty-five gas-turbine-generating units, 
kw. Activity 
during the past vear. 

Table 2 shows general specification data for the principal 
foreign gas-turbine generating units already built or under con- 
struction. Doubtless there are other units under test) or in 
use for experimental purposes on which we have no report. The 
table includes a wide variety of types and sizes. The smallest 
unit listed is 750 kw, and the largest 27,000 kw. The list includes 
twelve units of 10,000-kw rating and above. The 
of Brown Boveri & Company reports fourteen electric generating 


Swiss firm 
units in service or nearing completion. Several French firms are 
carrying on development, but much of this work is related to the 
free-piston type of gasifier, which is being promoted by one large 
builder, The S 

tion of one unit. 


STAL company of Sweden has started construc- 

The majority of foreign generating units are 
W here 
higher efficiency is required, manufaccurers turn to designs with 


designed to operate on the open simple-cyele principle. 


regenerators and intercoolers, and to the more complex two-shaft, 
reheat eveles, The table tists three units that will operate on 
the closed eycle, and one unit of the semiclosed type. It. is 
interesting to note that gas-inlet temperatures for foreign-built 
turbines are lower than for most American units. The majority 


of foreign gas turbines are designed for gas temperatures of 1200 


F oor some of the more important 


machines ordered for electrie generation follow 


less. Further details on 
The British Thomson-Houston Company, Ltd., reports progress 
in construction of two 2500-kw gas-turbine-generating sets for 


Ltd. 


a gus tempera- 


the East African Power & Lighting Company, These are 
simple-cycle units that will operate on oil 
ture of 1200 F and expected efficiency around 20 per cent. 
This company also is building gas turbines for marine applica- 
tions. 

The 12,500-kw closed-cyele gas turbine built by 
Company, Ltd., is being erected at the Dundee plant of the North 
of Scotland Hydro-Eleetrie Board. The unit will operate on oil 
fuel and is designed for a gas temperature of 1250 F, at which 
30.9 per John 
Brown & Company built the closed-cycle unit for Dundee as a 


John Brown & 


thermal efficiency should approximate cent. 


licensee of Escher-Wyss Engineering Works, and for that reason 
the plant consists of practically the same machinery and elements 
as the Escher-Wyss unit at St. Denis. More details on the closed- 
eyele system are included in later paragraphs dealing with the St. 
The company is also continuing work on 
several smaller units for closed-cycle operation in plants using 


Denis installation. 


coal and waste heat. 
John Brown & Company further reports operation of a gas- 
A cycle diagram of the peat-burning plant 


turbine unit on peat. 
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hig. DiaGram or JoHN Brown 

is shown in Fig. 3. The complete plant was operated solely on 
peat for the first time in November, 1951, thus being the first 
peat-fired gas turbine in the world. 
pressor at 50 psig, being heated to 675 F in the heat exchanger, 
and to 1200 F in the air heater at which temperature it passes to 
From the turbine the circuit air returns to the 
heat exchanger where it transfers heat to the cooler high-pres- 


Circuit air leaves the com- 


the gas turbine. 
sure air. It then passes to « precooler where its temperature is 
reduced to about 75 F before it returns to the compressor inlet 
and thus completes the closed cycle. The balance of the plant 
consists of the peat-drying, pulverizing, and combustion sys- 
tem, which is completely separate from the closed-turbine system. 
However, part of the exhaust gases from the air heater is recircu- 
lated for temperature-control purposes, aad the remainder passes 
to an induced-draft fan through a combustion-air preheater, where 
the inlet air is raised to about 750 F. 
to the pulverizing mill and the separator for drying purposes. 
Tests on this plant have indicated a peat consumption around 2 |b 
per kwhr output. It is stated that operation with peat of mois- 
ture content up to 50 per cent has been satisfactory but during the 
coming year, further drying equipment will be installed in order 


Some exhaust gas also passes 
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to enable the plant to take peat of « higher moisture content 
without loss of efficiency. 

Reports indicate that English Electric Company, Ltd., has 
completed tests of several gas-turbine units. The company has 
several important developments in hand. Units of 2000-kw size 
are being built for the Ministry of Fuel and Power and will be 
used for coal- and methane-burning experiments. The pulverized 
coal will be burned in a cyclone slagging combustion chamber, the 
resulting gases passing through a dust collector before reaching 
the turbine. No further details of the plant are available, but it 
is understood that the unit will be in operation sometime this 
year. General arrangement of the English Electric 2000-kw coal- 
burning test plant is shown in Fig. 4. Reports also show that this 
company is building an 1875-kw generating unit for the Metro- 
politan Water Board. [English Electric also has a contract for 
two 20,000-kw peak-load generating sets, the exact location of 
which has not as vet been announced. These will be the largest 
of all units so far ordered in England. 

Metropolitan-Vickers Electrical Company, Ltd. —the largest 
gas-turbine builder in England 15,000-kw unit 
for the British Electricity Authority. The unit is being installed 


completed a 
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at the Trafford Generating Station. The turbine is a compound- 
cycle unit designed for 26.3 per cent thermal efficiency and will 
operate on light oil at a gas temperature of 1200 F. 9 Other units 
nearing completion include a 2500-kw simple-cycle machine for 
the Metropolitan Water Board, a 2000-kw set for the Ministry 
of Fuel and Power, and a 1750-kw set for a refinery installation 
of the Shell Petroleum Company in Venezuela, 

The unit for the Ministry of Fuel and Power is designed for 
coal burning and makes use of two stages of combustion; the 
first producing combustible gas, and the second completing com- 
bustion of the gas. Cleaning of the gas thus can be confined to 
the first or gasification stage. 

©. A. Parsons & Company, Ltd., is about to complete the 
15,000-kw gas-turbine generator for Dunston ‘‘A’’ Power Station, 
and a 10,000-kw unit for the National Gas Turbine Establish- 
ment. Units are similar in design and are expected to operate 
on heavy oil, with a gas temperature of 1200 F and thermal effi- 
ciency around 26.4 per cent. The Parsons design includes a 
low-pressure compressor, two parallel intercoolers, a high-pres- 
sure four regenerators in parallel pairs, four 
combustion chambers, and high-pressure and low-pressure tur- 
bines without reheat. The low-pressure turbine drives the low- 
pressure compressor while the high-pressure turbine drives the 
high-pressure compressor and electric generator. The 10,000- 
kw unit for the National Gas Turbine Establishment is also 
arranged for space heating by using exhaust from the low-pres- 
sure turbine in a system of heat exchangers for generation of low- 
pressure steam, Further, this company has under construction a 
2500-kw simple-cyele unit intended for shop tests on oil fuel. 
The company also is carrying out tests on coal- and peat-burning 
gus-turbine plants, in co-operation with the Ministry of Fuel 


compressor, 


and Power. 

Ruston and Hornsby, Ltd., reports continued operation of a 
750-kw gas turbine started over a year ago. The Ruston proto- 
type gas turbine has now reached the point where the plant is 
regularly operated for electric generation. The unit has given 
good resuits even on some special heavy-oil products selected 
by the Admiralty for test. Construction of a test unit for peat 
burning is in an advanced stage. 
research on combustion and burning of heavy fuels. 
ble progress is reported in connection with preparation and com- 
bustion of peat. Problems of dewatering peat by pressing and 
thermal drying have been investigated, and complete equipment 
for the first full-size experiments is being assembled. Ruston 
and Hornsby also plan to increase their facilities for production 


The company continues its 
Considera- 


of several sizes of small gas-turbine units, 

The Brush Electrical Engineering Company, Ltd., reports 
development and construction of a 2500-kw gas-turbine-generating 
unit. The turbine will operate at 1340 F with an expected ther- 
mal efficiency of 15.6 per cent on light oil. The unit was ordered 
by the Metropolitan Water Board and will operate on the simple 
cycle for stand-by service. 

In France as many as eight to ten companies are working on 
gas turbines, but nearly all of the development is for marine or 
automotive applications. Much of the work in 
related to the free-piston type of gas generator, used in conjune- 
However, Rateau Company is re- 


France also is 


tion with the gas turbine. 
ported to have a 2000-kw clectric-generating set under test and re- 
design. This unit operates on the simple cycle at 1292 F and 
with oil fuel is designed for an efficiency of about 15 per cent. Tests 
on this unit are being continued. Other French developments 
are stillin the construction stage. 

In Switzerland, four concerns are reported as building gas 
turbines. Of these, Brown Boveri & Company, Ltd., reports 
fourteen units in service or nearing completion. The company 
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has built gas-turbine generating units in sizes ranging from 1200 
to 27,000 kw. An interesting report on performance of the units 
in service bas been given by Paul R. Sidler,? president of Brown 
Boveri Corporation, New York, N. Y. 

The first Brown Boveri gas turbine for commercial service in a 
generating station and rated 4000 kw was installed by the Mu- 
nicipal Electric Supply at Neuchatel, Switzerland, in 1939. All 
gas turbines built by Brown Boveri have been for stationary 
generating sets, except a 2200-hp unit installed in a locomotive for 
the Swiss Federal Railways in 1941, and a 2500-hp locomotive 
unit delivered to the British Western Railways in 1950. Major 
units built include a 13,000-kw generating set installed in 1948, 
at the Beznau Station of the North East Power Company in 
Switzerland, and a 27,000-kw unit for the same station started 
in 1949." Both units are operated on light oil and the first has 


given 6000 hr of service, while the second has operated 3000 hr. 
A variety of troubles were experienced with these machines, 
including turbine-blade breakage, self-induced vibration failure 
of axial-flow compressor blades, deposits on blades, soot deposits, 
and corrosion problems in heat exchangers, and short life of 


combustion-chamber liners. The manufacturer reports that 
all of these troubles have been corrected and that operation of 
both units has been satisfactory since the winter of 1949-1950. 

A cycle diagram for the 27,000-kw Brown-Boveri unit installed 
at Beznau Station is shown in Fig. 5. It will be noted that the 
design covers an open-cycle type with two shafts. It features 
two low-pressure compressors in parallel, along with a double- 
flow low-pressure turbine and an intermediate-pressure compres- 
sor all on one shaft. Air from the intermediate-pressure com- 
pressor, after cooling, is passed to the high-pressure compressor 
and then through a regenerator to the high-pressure combustor and 
finally to the high-pressure turbine. Exhaust from the high- 
pressure turbine is heated in a reheat combustor and is then 
passed to the low-pressure turbine from which it is discharged 
to the regenerator and then to the atmosphere. The high-pres- 
sure turbine drives the high-pressure compressor and the elec- 
tric generator. This cycle is designed for a thermal efficiency of 
32 per cent or better. 
accomplished with two-shaft units, together with multicompres- 
sors, intercoolers, and a regenerator and second stage of combus- 
Gas-turbine sets of this tvpe, however, are handicapped 


The design is indicative of what can be 


tion, 
by space requirements and extra cost of accessory equipment 
including interconnecting piping. 

Brown Boveri also built and installed two 10,000-kw gas-tur- 
bine-generating sets; one at the Santa Rosa Station in Lima, 
Peru, and the other at Filaret Station in Bucharest, 
The unit in Lima was installed in 1949, and has operated about 
6500 hr—the unit at Bucharest was started in 1951 and has seen 
little service. The unit installed at Lima suffered about the 
same troubles as reported for the units as Beznau, but the prob- 


tumania. 


lems encountered were corrected quickly. 

Other units sold by Brown Boveri include 1200- to 5400-kw gen- 
erating sets installed in Iran, Peru, Venezuela, Egypt, and Luxem- 
burg. In Iran, three 4000-kw simple-cycle units were purchased 
by the Anglo-Iranian Oil Company, Ltd., but operation has been 
delayed. The unit in Peru consists of a 4000-kw set installed in 
1949. Two 1650-kw generating sets were installed in a cement 
factory in Venezuela in 1949, and have operated around 7000 to 
8000 hr each. Performance of these machines is reported as 
satisfactory, and a third unit of 5000 kw has been ordered for 
installation this year. A regenerative-type generating unit of 

2 “Operating Experiences With Stationary Gas Turbines,”’ by 
P. R. Sidler, paper presented at the Annual Meeting, New York, 
N. Y., November 25-30, 1951, of Tue American Society or Me- 
CHANICAL ENGINEERS 
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1200 kw is operating in an ice plant in Egypt and another of 
5400 kw is instalied at a steel mill in Luxemburg. 

A more recent order covers four 5000-kw natural-gas-burning 
units for the oil fields of the Arabian-American Oil Company 
(Aramco). Each will be a single-shaft, simple-cycle machine 
rotating at 3600 rpm and directly coupled to a 6250 kva, 13,800- 
volt 3-phase generator. The design rating of 5000 kw at about 
17 per cent thermal efficiency is based on an ambient temperature 
of 120 F and a turbine-inlet temperature of 1200 F. 

Brown Boveri engineers conclude that problems connected 
with the ash in heavy fuel oils have not been solved. They feel 
that difficulties experienced to date, with some of the residual 
fuels, are greatly intensified by operating gas turbines with high 
gas temperatures. In the interest of reliability and long life, 
the company has continued its policy of designing gas turbines 
with maximum operating temperatures of 1100 to 1200 F. They 
also feel that certain restrictions as to quality must be placed on 
heavy fuel oil, if good performance is to be expected, 

Excher-Wyss Engineering Works has continued experiments 
with a 2000-kw closed-cycle gas turbine, which has been under 
test in its shops for almost 10 years. Although the design is 
complicated and consists of various stages of compression, inter- 
cooling, regeneration, and reheat, it is understood that few 
serious troubles have developed. Experience with the test unit 
led to the design of a 12,500-kw set, the first of which has been 
installed at a plant in St. Denis, Paris. The unit is designed for 
operation on oil fuel, and with 1250 F gas-inlet temperature. 
It is expected to deliver an efficiency around 32 per cent. Run- 
ning tests on this unit were started late in the summer of 1951. 
In November, the set was connected to the electrical-grid system 
and since then, load tests have been carried out with the complete 
set in operation. Apart from minor preliminary troubles, 
mainly with auxiliary equipment, the various tests up to January, 
1952, gave very satisfactory results. 

Fig. 6 shows the cycle diagram for the 12,500-kw Escher-Wyss 
closed-cycle gas-turbine unit. The plant at St. Denis is operat- 
ing under a maximum pressure of 735 psi. The inlet pressure 
of the compressor is 73.5 psi, and air flow is at the rate of 132 
lb persec. Item | in the cycle diagram represents the combustor 
air heater and preheater; item 2 is the compressor for combustion 
air; item 3, a circulating fan for combustion air, and item 4, the 
heater for combustion air; and 


starting motor; item 5 is a 
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items 6 and 7 are, respectively, high-pressure and low-pressure 
gas turbines. Items 8, 9, and 10 are, respectively, 
pressure, intermediate, and high-pressure air 
Item 11 is the starting motor for the high-pressure 
group and items 12 and 13 the 
unit. Item 14 is a regenerator; item 15 a precooler, and items 
16, 17, and 18 are intercoolers, Items 19 and 20 are make-up 
air compressors; item 21 is a cooling-water pump, and item 22 a 
fuel pump; item 23 is the low-pressure turbine for combustion 
air and item 24 is a gas cooler for combustion air; item 25 is a 
cooler for by-passed gas at the low-pressure turbine, and item 26 
Item 
27 is a vent valve, and item 30 a compressor for accumulators. 
Item 31 is an accumulator for low-pressure air; items 32 and 33 
are control valves, and item 34 is an accumulator for high-pres- 
sure air, 

It is understood that the design and construction of this plant 
resulted in experience which will lead to a higher degree of simpli- 
fication of this type of power plant. 
is that the heater can be designed with atmospheric combustion 


low- 
compres- 
sors, 


are generator-exciter 


is the control of the by-pass at the low-pressure turbine. 


Item 35 is a by-pass around the combustor. 


One step in simplification 


Thus the whole charging unit, consisting of the exhaust-gas tur- 
bine, flue-gas-recirculation blower, and combustion-air compressor 
can be eliminated. The company feels that the closed-cycle 
gas-turbine plant has attractive possibilities for future develop- 
ment and is arranging for the design of smaller units in conjunc- 
tion with the co-operation of several licensees. 

Oerlikon Company of Switzerland has announced the receipt 
of an order for a 730-kw gas-turbine-genereting set from Com- 
pagnie Electricite et Gaz d’Algerie. The turbine will be an 
open-cycle, regenerative-type unit, operating on heavy oil with 
a temperature of about 1200 F. 
will resemble the 1000-kw experimental gas turbine in the Oerli- 
kon Works, which has been tested for many years. Design of the 
unit for Algiers shows that part of the turbine exhaust will be 
passed to the regenerator and part to a boiler for generation of 
Steam will be used for preheating the heavy fuel oil 
used at the plant. Oecrlikon feels assured of the soundness of 
its gas-turbine designs, and is prepared to offer units in sizes 
up to 15,000 kw. 


Several years ago, Sulzer Bros., Ltd. set out to develop a cycle 


In most respects, the plant 


steam. 


which would meet the conflicting requirements of efficiency, 


space, and weight. The result of its work was development of 
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the so-called high-pressure or semiclosed cycle. A 7000-hp, semi- 
closed-cycle unit, intended for a marine installation, has been 
under test for some time. Also a 20,000-kw semiclosed-cycle, 
electric-generating unit was placed in service in 1950 at the Wein- 
felden Station of the North East Power Company in Switzerland. 
Tests at Weinfelden have been made on heavy fuel oil at a tur- 
bine temperature of 1200 F, at which the thermal efficiency of 
the cycle is reported to be about 30 per cent. At full load the 
unit requires only 1600 cf per sec of air—about half the quantity 
which would be required for a two-stage, open-cycle turbine. 
For cooling, the gas turbine requires about 3100 gpm of water. 

Fig. 7 shows the cycle diagram for the 20,000-kw Sulzer semi- 
closed-cycle unit at Weinfelden. One part of the plant consists 
of a closed circuit through which air flows only under pressure. 
This air is drawn in at a lower pressure level, for instance, 70 
psi, by the high-pressure compressor which brings the air pres- 
sure up to about 280 psi. Part of the air then flows in the usual 
way through a regenerator and an air heater, in which it is 
heated to its maximum temperature, 1200 F. Expansion to 
about 71 psi takes place in an air turbine which drives the high- 
pressure compressor referred to. After leaving this turbine, 
the air passes through the regenerator again and also through a 
recooler, where it is cooled to around 70 to 80 F, and then returns 
to the high-pressure compressor. While this closed circuit 
supplies no useful power in return for the calorific energy intro- 
duced, it justifies its use for the reason that the high-pressure 
compressor handles much more air than is expanded in the air 
turbine. The surplus of compressed air is used as combustion 
air in the air heater and this is, in fact, the fundamental feature 
distinguishing this cycle from the closed cycle. Before reaching 
the combustion chamber, the air is preheated by exhaust gases 
in another regenerator. The combustion gases produced in the 


chamber serve first to heat the circuit air to its maximum tem- 


perature, while passing through the tube nest, but the injection 
of fuel is regulated so that at the outlet of the reheater, these 
gases are still at a temperature practically equal to that of the 
heated air itself. They are then expanded to about 100 to 115 
psi in the high-pressure turbine, or reheated to their initial tem- 
perature in a secondary combustion chamber or reheater and 


finally expanded to nearly atmospheric pressure in the output — 


turbine. Gases escape to the atmosphere after passing through 
the regenerator, where they give up part of their residual heat 
to the combustion air. 

The low-pressure compressor driven by the high-pressure tur- 
bine introduces into the circuit a quantity of air equal to that 
extracted at the outlet from the high-pressure compressor at the 


upper left. Drawing the air from the atmosphere, it passes 


through the recooler and thus into the circuit at the inlet to the — 


compressor. The low-pressure turbine at the lower right serves 
exclusively for the generation of useful power. Although this 
system is also a high-pressure cycle with a closed air circuit, 


combustion does not take place outside the flow of the working | 


medium, 

Sulzer reports several distinct advantages of the semiclosed 
cycle system, as compared with other gas-turbine cycles. It is 
certain that Sulzer will continue its research and development 
of this cycle. 

Announcement has been made that the Swedish company of 
Swenska Turbinsfabriks Aktiebolaget Ljungstrom (STAL) has 
a 2400-kw gas-turbine-generating set under test at the factory. 
No details on specifications or design of this unit are available 
as yet. 

Foreign reports indicate that all gas-turbine developments 
are being pushed seriously and in a spirit of confidence. On the 
whole, all builders appear to be extremely conscious of gas-tur- 


bine commercial possibilities. 
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Gas-Turbine Progress Report— 


By L. N. ROWLEY, JR.,' anv B. G. 


— 
PE NIUE versatility of the gas turbine, and the ease with which 
it may be adapted to a wide variety of service conditions, 
makes it particularly attractive in the industrial field. 

This section of the progress report deals with three broad classes 
of industrial applications: 
power to drive compressors and pumps; 


(1) Gas turbines supplying shaft 
(2) gas turbines furnish- 
(3) gas turbines utilizing waste heat from indus- 
More 


ing pressure air; 
trial processes or supplying heat to industrial processes. 
than 80 such units have been built or are building, Table 1 

Gas Pire-Line Compressor Drives 

Since about 1947, centrifugal compressors, inherently high- 
speed high-capacity machines, have found increasing application 
to gas pipe-line service. Their only wearing parts are shaft 
journal] bearings, thrust bearing, and some designs of shaft-sealing 
devices. High efficiency can be sustained over a long life. They 
are easily maintained; a complete overhaul takes less than 3 man- 
days. Small physical size leads to minimum foundation, housing, 
and crane requirements. 

The high-pressure centrifugal compressors used in pipe-line 
service normally have pressure ratios in the range 1.06 to 1.15. 
Since most pipe-line systems require higher pressure ratios, the 
compressors are usually arranged in series. Centrifugal compres- 
sors are easily adapted to automatic operation. 

In early applications, electric motors drove the compressors. 
The possibilities of gas turbines as drives have been recognized 
for some time and the excellent “matching” of gas-turbine and 
compressor characteristics, plus many over-all advantages, has 
resulted in extensive current interest. 

The combination of gas turbine and centrifugal compressor 
needs only (1) light foundation, (2) small housing, (3) few auvxili- 
aries, (4) little or no water, (5) simple piping connections. Such 
booster units do not produce gas-line pulsations and are easily 
adaptable to remote or automatic control. 

Experience with one installation has shown that they can be re- 
started after a long shutdown without any trouble. Furthermore, 
since they draw their fuel directly from the pipe line this vital 
Power, McGraw-Hill Publishing Company. 
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supply offers no problem. 
fuel for gas turbines. 


Natural gas has proved itself an ideal 


Studies have shown that gas turbine-compressor stations can be 
justified economically to serve 20-in-diam lines or greater. Simple — 
single-shaft units prove ideal as booster units taking care of peak 
loads when no great operating flexibijity isneeded. Where varia- 
ble loads must be served and greater flexibility is needed, the 
two-shaft unit with separate’ load-driving turbine has advan- 
tages, unless greater flexibility is built into the compressor itself 
Regenera- 
tors and intercoolers can be used when economically justified by 
operating conditions. 


adjustable diffusers, prerotation stage, and so on). 


The first gas-line unit, in the form of a gas turbine driving a 
centrifugal gas compressor, was an 1800-hp single-shaft open- 
cycle plant, Fig. 1, built by the Westinghouse Electric Corpora- 
tion. Originally built as a locomotive prototype, this unit under- 
went extensive shop testing before the generator was replaced by 
a centrifugal compressor for pipe-line service. This unit served on 
the 22-in-diam line of the Mississippi Fuel Corporation at Wilmar, 
Ark., from May, 1949, to the fall of 1950. Changes in the pipe 
line eliminated the need for the unit at this point. 

The unit was then moved to Bonne Terre, Mo. Here it started 
service in January, 1951, to take up its present duty of packing the 
end of the transmission line and also an underground gas-storage 
field. 

Based on experience with this first gas-line unit and studies of 
the needs of main-line service, Westinghouse has built a 5000-hp 
2-shaft gas turbine with regenerator, Fig. 2 and Fig. 7. The unit 
has an Il-stage axial-flow compressor, six combustors, 2-stage — 
compressor-drive turbine and single-stage power turbine. The 
regenerator is of the extended-surface type. 

The General Electric Company is building a series of 5000-hp 
2-shaft gas turbines intended primarily for gas-transmission line 
service, Fig. 2. A single-stage high-pressure turbine drives the 14- 
stage axial-flow compressor developing a 5.5 compression ratio. 
The single-stage load-driving turbine is in the same casing with 
the high-pressure wheel. Nozzle vanes for the load turbine rotate 
so the gas-flow area can be controlled. Variable flow area (1) 
limits overspeed during load Joss by tripping wide open, (2) gives 
better part-load performance, (3) increases capability at high am- 
bient temperatures, (4) controls amount of auxiliary power de- 
veloped by the gas-generator shaft, (5) reduces starting power, 
(6) gives control of exhaust temperature. 

Six combustors supply 1450 F gas to the turbines at maximum 
capability. The cylindrical regenerator mounts on end outdoors 
(see suggested station design, Fig. 8). Single-stage mechanical- 
drive turbines expanding natural gas from the lines will crank the 
unit for starting. Each start will waste about 35,000 cu ft of gas 
to the atmosphere. 

The gas-generator shaft drives an auxiliary electrical generator 
through a gear. These 125-kw units supply power to the evapora- 
tive coolers, oil-cooling system, circulating-water pumps, and to 
the station lighting system. 

The turbine wheels are cooled by air streams flowing from the 
hubs on both sides of each wheel outward to the rims, Air cooling 


also serves the first-stage nozzle vanes. Air flowing through them 
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discharges along the side wall on the inlet side of the nozzles to 
join the main gas stream, The turbine shell is water-cooled. 
Clark Bros. Company, Inc., manufactured a pioneering indus- 
trial gas turbine designed specifically for driving centrifugal com- 
pressors, The turbine operates on a simple open cycle incorporat- 
ing an advanced pin-fin-type surface regenerator for greater ef- 
ficiency, Fig. 2. A two-shaft turbine is used to match rotative 
speeds of driver and load, while a single combustion chamber al- 


hig. 8 Svuccresrep Design or Two-Unir Gas-Line Compressor 
By Generar Evecrric 
(These 5000-hp gas turbines drive centrifugal gas compressors at thermal 


efficiency of 22.5 per cent, bhy. Air compressors take in air through evapora 


tive precoolers and washers. Turbine discharge through outdoor regenerator 
supporting steel stacks.) 


lows a close mean approach to turbine design inlet temperatures, 
The Clark turbine was installed in a station on @ major gas-trans- 
mission line and placed in operation during the spring of 1952. 


Gas-TURBINE PLANTS FoR AIR SUPPLY 


Earliest industrial uses of gas turbines had supply of pressure 
turbocharging internal-combustion en- 
gines and Velox boilers. Application of gas-turbine plants to the 
Houdry process of oil refining was in many respects analogous to 
the units supplied air for pressure charging and their 
but 


air as their objective 


these 
energy source was exhaust of waste gas from the process 
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they differed importantly in a number of ways. The units were 
relatively large, combustion chambers were required, and they 
produced some shaft power. Hence they served as prototypes for 
later gas-turbine generating sets. 

A typical Houdry catalytic-cracking unit for manufacture of 
high-octane gasoline requires about 40,000 cfm of 45-psi air, 
heated to about 750 F, for regenerating the catalyst. This air is 
supplied by an axial compressor which raises air temperature to 
about 350 F. An oil-fired heater may do the remainder of the pre- 
heating, or air may be heated further in a salt-to-air heat ex- 
changer before going to the catalyst cases. Oxidation of carbon 
deposits on the catalyst releases heat and the combustion products 
leave the catalyst cases at higher temperature and only slightly 
lower pressure. Gas at about 850-950 F and 40 psig is thus availa- 
ble for expansion in a turbine. This produces power enough to 
drive the axial compressor, with some excess available for generat- 
ing electricity. Two oil-fired combustion chambers are provided 
for starting the turbine and heating the cases, Fig. 3. Burners 
are shut off when the plant goes on stream. Regeneration of the 
catalyst is controlled by a cycle timer so there is always a group of 
cases connected to the air system to yield a steady source of heat 
energy. 

The first Houdry set (built by Brown Boveri & Company) was 
installed at the Marcus Hook refinery of the Sun Oil Company in 
1936. In the years immediately following, a total of 27 units were 
installed in United States refineries, Table 1. Six of these 
were of Brown Boveri manufacture, the remainder were built by 
Allis-Chalmers Manufacturing Company under Brown Boveri 
During the war years, 10 units were built by Allis-Chal- 
mers for the United States Government for lend-lease, two of 
which were never shipped out of the United States. One of these 
has been used for experiments on coal burning by the Locomotive 
Development Committee; another is at Gorgas, Ala., where work 
on underground gasification of coal is being carried out. Two 
Brown Boveri units were installed in European refineries, Table 


license. 


Sets were built in three basic sizes, for outputs of 23,000, 40,000, 
and 60,000 cfm. All were of similar design. A typical 40,000-cfm 
unit consisted of a 5-stage reaction turbine driving a 20-stage 
axial compressor’ at 5180 rpm and, through reduction gears, a 
1500-hp generator. With relatively low throttle temperature, 
materials of construction included steels of the 18-8 class and 
familiar steam-turbine alloys. 

In 1945 A. EF. Pew’ reported experience with six Sun Oil Com- 
pany units, representing a total of more than 25 years of opera- 

* “Operating Experience With Gas Turbines,”’ by A. Ek. Pew, Jr., 
Mechanical Engineering, vol. 67, 1945, p. 494; also private communi- 
cation from H.E. Melton, May 7, 1952. 
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tion. Availability equaled the best steam-turbine practice; 


forced outage averaged slightly less than 2 per cent. Principal 
sources of trouble were not peculiar to gas turbines—bearings 


and lubrication. Some blade loosening was corrected by changes 
in root design. Erosion of blades resulting from carry-over of fine 
catalyst particles occurred but did not prove serious. 
Since 1945, forced outages have become more and more infre- 
quent. There have been no bearing failures for several years, or 
since changing from radia] thrust to Kingsbury bearings. Blade 
~ failures have been practically eliminated since dust collectors were 
installed to eliminate catalyst carry-over. 
_ A complete record of seven Sun Oi] Company units, represent- 
ing almost 75 vears of operation, appears in Table 2. It should 
be noted that outages tabulated are all of the “forced” variety; 
in addition to these days out of service, an average of 1 week per 
turbine per year is allowed for inspection and overhaul. At all 
other times the units have been ready for operation of the cata- 
lytie-cracking plants. Sometimes these latter have been operated 
as thermal crackers or vis breakers, se operating days tabulated 
refer only to catalytic-cracking operation when gas-turbine sets 
arerequired. Intervals of noncatalytic operation, plus downtime 
for changing catalyst and revamping some of older units account 
for about 10 per cent of the total life of the Houdry gas-turbine 
sets. As the tabulation shows, forced outages represent only 1.48 
per cent of total time on catalytic operation, an outstanding rec- 
ord for any power-plant unit. 

The development of “‘fluidized”’ catalysts, as distinguished from 
the static-bed type used in the Houdry process, changed the re- 
quirements and led to systems in which gas turbines did not fit. 
Although most of the original installations are still operating, no 
new ones have been made in recent years. 

Aside from historical interest, the Houdry plants deserve com- 
ment here because they typify many possible uses in the chemical 
and process industries. Such an application has been proposed 
for nitric-acid production, with pressure air supplied from a com- 
pressor driven by a gas turbine utilizing the tail gases from the 
process. Also we must bear in mind that the Houdry units, until 
recently, have been our only source of long-term gas-turbine 
operating data. 

For the steel industry, gas-turbine plants offer a compact and 
economical source of blast-furnace or converter air. It is possible 
to apply them in a variety of ways: (1) The gas-turbine set may 
serve merely as a source of shaft power, driving an axial or cen- 
trifugal blower supplying blast air; (2) air from the compressor of 
the gas-turbine set, which would be larger than normally re- 
quired, may be “bled” to the blast stoves; (3) a heat exchanger 
may be substituted for the conventional blast stove and all com- 
bustion, both for the gas-turbine set and blast heating, may be 
carried out in a single combustion chamber under pressure. 

For immediate application, the bled design of (2), or modifica- 
tions of it, seems most attractive. It can be fitted to existing equip- 
ment and practices of the steel industry. It involves 
equipment than scheme (1) and seems simpler to controi. Control 
simplicity derives from the fact that blast-air needs form only a 
small fraction of total air; hence variations in them have rela- 
tively little effect on compressor operation, Installations to date 
have followed the general lines of scheme (2). 

What would have been the first blast-furnace installation was 
begun during World War II in the Hermann Goering Stee] Works. 
When Germany was occupied in 1945, two sets built by Brown 
Boveri AG of Mannheim (affiliate of Brown Boveri & Company of 
Switzerland) were nearing completion. One was dismantled and 
shipped to C. A. Parsons Company in England, for study. 

In these units, all air passes through 13 stages of a 21-stage 
axial compressor. Blast air bleeds off at this point (17 psi), while 
air for the turbine passes through the remaining 8 stages and dis- 


less 
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charges at 30.4 psi. A separate compressor, driven from the main 
shaft by gearing, raises the pressure of blast-furnace-gas fuel for 
admission to the combustion chamber. A regenerator heats cycle 
air but not the blast-furnace-gas fuel, as proposed in earlier de- 
sign studies. 

The first unit to see actual service in a steel plant is at Bara- 
caldo, Spain. It was built by Brown Boveri & Company and be- 
gan operation in 1951. Generally similar to designs proposed for 
blast furnaces, it supplies air for a converter. For simplicity, air 
for the gas-turbine cycle is used at the same rather low pressure 
as the blast air, 29 psig. Thus the compressor is not bled; its 
discharge is merely divided between the converter and the gas- 
turbine cycle, Fig. 4. The compressor handles 83,000 cfm and 
26,500 cfm goes to the converter, about 32 per cent of the total. 
Even large changes in converter-air needs affect air flow through 
the compressor only slightly. 
surplus may be blown off to keep the compressor from surging. A 
separate centrifugal compressor, gear-driven from the main shaft, 
boosts blast-furnace-gas fuel to 65 psi. There are two regenera- 
tors, one for cycle air, the other for preheating the blast-furnace- 
gas fuel. 

A similar cycle is used in a turbine-compressor set built by C. A. 
Parsons and Company for the National Gas Turbine Establish- 
ment in Great Britain. It is oil-fired and has an equivalent — 
of about 2000 kw. Net output is compressed air used for experi- 
mental purposes— 20 tb per sec at 4 atm. 


For sudden changes, momentary 


INpUSTRIAL Waste-Heat APPLICATIONS 


The Houdry-process plants previously discussed as an example 
of pressure-air supply, «leo serve to illustrate the utilization of — 
waste heat from an industrial process. 

A current example of using waste heat from an industrial proc-_ 
ess is the closed-cycle piant being built by John Brown and Com- 
pany under Escher Wyss license. This 700-kw unit will serve the 
Foleshill (Coventry) gas works of the West Midland Gas Board. 
The source of energy wiii be a heat exchanger built into the waste- 
gas flue of a group of continuous vertical retorts. After heating 
the working fluid of the gas-turbine plant, gas goes to a waste- 
heat boiler to generate low-pressure steam. ; 

The gas-turbine plant is relatively simple in layout, Fig. 5, con- 
sisting of two compressors with intercooling, a single 8-stage tur- 


bine, and a regenerator. Low-pressure compressor is a 10-stage 
axial, the other a 3-stage centrifugal. There is, of course, the 
usual closed-cycle ‘‘precooler”’ to restore the working fluid to its 
original temperature before it starts around the cycle again. The — 
water used to cool the circuit air in this precooler is raised to 115 
F and then used in the various processes of the gas works, 

In a recent paper,‘ J. Burns discussed application of gas tur- 
bines in gas works. A gas turbine installed to make use of waste 
gas from a continuous vertical retert setting, if combined with a 
steam turbine using the lower-grade heat, ought to generate, he 
He cited 
figures indicating that over-all cost of electricity generated in this 
fashion is likely to be favorable 
tort house, a gas turbine would generate current considerably in 
excess of works needs. He suggested that the excess (1) could 
be delivered into the “grid,”’ (2) used as direct current for elec- — 
trolysis of water to hydrogentand oxygen, the oxygen being used 
with steam for production of high-grade producer gas, or (3) 
used to make oxygen! y liquefaction, oxygen going into producer 
gas as in (2) and nitrogen being used aout the works for purging. 

A scheme prepared by W. H. Allen Sons and Company, Ltd., 


said, some 50 to 76 kwhr per ton of coal carbonized 


In a works with one vertical re- 


‘Some Aspects of Gas Manufacturing Practice in the North 
Thames Gas Board,” by J. Burns, Institution of Gas Engineers, 
Communication No. 385, June, 1951; also in Gas World, vol. 133, 
June 2, 1951, pp. 576-585. 
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and Woodall-Duckham Vertical Retort and Oven Construction 
Company for a London gas-works project uses an open-cycle 
gas-turbine plant combined with a mixed-pressure extraction 
steam turbine. Studies show this plant to have a 40 per cent 
greater output from the waste heat than the conventional steam 
plant. 

To utilize waste heat from industrial processes, the “inverted” 
cycle has been proposed. Instead of using a heat exchanger to 
transfer energy from hot waste gases to the working fluid of the 
gas-turbine plant, the hot gases are expanded directly in a gas tur- 
bine, cooled, and compressed back to atmospheric pressure for dis- 
charge as exhaust. Simplicity is the major advantage of this 
scheme; it eliminates the heat exchanger, which is usually bulky 
and expensive. Disadvantages are the need for a cooling medium, 
large unit sizes resulting from subatmospheric pressures in the 
circuit, and the fact that it is usually not possible to use in the 
cycle the heat rejected in the cooler. 

Undoubtedly, there are many processes where waste heat is 
available to supply energy to a gas-turbine plant. Practicality of 
such applications depends, of course, on the capital cost of utiliz- 
ing apparently “free” heat. 

The waste heat in the gas-turbine exhaust also offers oppor- 
tunity for recovery. Although this has been discussed many 
times and the possibilities surveyed,® little has been done to 
realize these possibilities on a commercial basis. Two examples 
of waste-heat recovery are to be found in plants for central-sta- 
tion power generation, At Belle Isle Station of the Oklahoma 
Gas & Electric Company, exhaust gas heats feedwater for 
existing steam units. A unit to be installed by Compagnie 


I’Electricite et Gaz d’ Algerie, will have both a regenerator and a 


§ “Where Gas Turbines Will Fit in Future Power Fields,"’ by Hans 
Pfenninger and 8. A. Tucker, Power, vol. 90 November, 1946, p. 64; 
vol. 91, January, 1947, p. 86. 

“The Gas Turbine as a Stationary Prime Mover,” by L. N. Rowley 
and B. G. A. Skrotzki, Trans. ASME, vol. 61, 1949, p. 35. 
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waste-heat boiler supplying steam to preheat bunker oil for the 
existing main boiler plant of the station. When steam demand 
is low, exhaust gas does all boiler heating; when steam demand is 
high, the turbine exhaust forms a preheated air supply for an oil 
burner fitted to the boiler. Since, in both cases, recovered heat is 
utilized within the power plant, neither forms a true example of 
industrial waste-heat recovery. 

Closest approach to an industrial installation is the 10,000-kw 
plant built for the National Gas Turbine Establishment by Par- 
sons. This unit, Fig. 6, has a low-pressure compressor, two paral- 
lel intercoolers, a high-pressure compressor, four regenerators in 
parallel pairs, four combustion chambers, high-pressure and low- 
pressure turbines without reheat. The low-pressure turbine 
drives the low-pressure compressor, while the high-pressure tur- 
bine drives the high-pressure compressor and alternator. 

Exhaust from the low-pressure turbine passes through the four 
parallel regenerators and into four gas-water heat exchangers, 
which produce low-pressure steam for space heating. While this 
is an “‘in the flesh’’ example of waste-heat recovery for a typical 
industrial purpose, space heating, the nature of the installation, as 
part of an experimental] establishment, is not likely to produce any 
conclusive proofs of the economies of such designs. 

Proposals have been made for the combination of gas-turbine 
and steam cycles, and studies have indicated apparently attrac- 
tive heat rates. In many of these “hybrid” designs, the gas tur- 
bine is superposed on the combustion-air circuit of the steam 
plant. The Velox boiler is, of course, a specialized application of 
such a combination, without using the gas-turbine cycle to pro- 
duce any net power. 

The objective of most of these proposals has been to produce a 
plant for central-station or marine service having attractive over- 
all economy and performance. They do not aim at utilizing in- 
dustrial waste heat or supplying waste heat to an industrial proc- 
ess—hence are not dealt with here except for this passing ref- 
erence. 
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By I. H. DRIGGS! anv O. E. 
FP PNUE first flight of an airplane propelled by a turbojet engine? 
was August 27, 1939, when the Germans flew the II}-178 
powered by the He 83B. The British, completely unaware 
of the work of the Germans, flew the Gloucester E 28/39 aireraft 
powered by the W-1 turbojet engine May 15, 1941.‘ 

Although it has been only 13 years (12 years, 11 months) since 
the first flight and the year and a half advantage of the Germans 
was mostly lost by World War II, the fighter airplanes which 
make the headlines in today’s war news—the MIG-15, Banshee, 
Panther, Cougar, Sabre Jet, Shooting Star, and others, are al! 
powered by turbojet engines. Moreover, many of the other 
types of military aircraft which are now in the design and experi- 
mental stages will be powered by turbojets or their companion 
engine, the turboprop. These engines have even begun to enter 
the commercial field. The British Overseas Airway Corporation 
has put into operation between London and Johannesburg, South 
Africa, the world’s first turbojet transport. 

All of this indicates the impact that the gas-turbine engine has 
had on the field of aviation. It has permitted the penetration of 
a speed range in excess of that previously attainable and as 
result has stimulated new configuration and concepts of design. 

During the 11-year period, tremendous strides also have been 
made in the improvement and development of the turbine engines 
It is the object of this paper to illustrate this prog- 
ress by presenting permissible facts about existing aircraft 
engines. So, in a way, it is a progress report or a survey. For 
completeness it is well to start with the history of the early de- 
velopment. 


themselves. 


INITIATION OF DEVELOPMENT 


Although the first flights of jet aircraft were made in late 1939 


! Director Research Division, Bureau of Aeronautics. 

3 Head, Applied Mathematics Branch, Research Divison, Bureau of 
Aeronautics. 

4A turbojet is an engine consisting of an air compressor, a burner, 
a turbine, and a nozzle. The compressor is powered by the gas tur- 
bine, and the exhaust gases depart in an axial direction, thereby giv- 
ing a force on the engine in the opposite direction. 

4 The Caproni-Campini flight on August 27, 1940, is excluded here, 
since the compressor was driven by a reciprocating engine. 

Contributed by the Gas Turbine Power Division and presented at 
the Fall Meeting, Chicago, Ill., September 8-11, 1952, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nores: This is paper No. 52—F-7 of a Progress Report which the 
Executive Committee of the Gas Turbine Power Division authorized 
at its 1951 Annual Committee Meeting. The series includes the fol- 
lowing: ‘Introduction "’ by A. Tom Sawyer, paper No. 52—F-1A; 
**Materials, Cooling, and Fuels,"’ by A. A. Hafer, paper No. 52—F-1B; 
“Cycle Components,”” by P. F. Martinuzzi, paper No. 52—F-1C; 
“Automotive "' by Frank L. Schwartz, paper No. 52—F-2; ‘Rail- 
roads,” by K. A. Browne, J. I. Yellott, and P. R. Broadley, paper 
No. 52—F-3; ‘‘Marine,"’ by W. A. Dolan, Jr., and A. A. Hafer, paper 
No. 52—F-4A; ‘“*Merchant Vessels,”” by W. A. Dolan, Jr., and A. A. 
Hafer, paper No. 52—F-4B; “Naval Vessels,"’ by W. A. Dolan, Jr., 
and A. A. Hafer, paper No. 52—FAC; “Stationary Electric Genera- 
tion,” by Lee Schneitter, paper No. 52—F-5; ‘‘Industrial,”’ by L. N. 
Rowley, Jr., and B. G. A. Skrotzki, paper No. 52—F-6. 

Statements and opinions advanced in this paper are to be under- 
stood as the individual expressions of the authors and not to be con- 
strued as official or reflecting the views of the Bureau of Aeronautics, 
or of the Society. 

Since the numerical values presented here have been taken from a 
variety of unciassified and unofficial sources, including newspapers, 
magazines, etc., the authors are not responsible for the accuracy of 
the data. 
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and early 1941, several years of development preceded this. A 
stationary gas turbine existed in France as early as 1905. But it 
was not until the late 1920's that serious thought was given to 
the use of gas turbines for flight. The first practical proposal 
was made by Griffith of England in 1926, when he outlined a 
theory for the design of axial-flow compressors. A single-stage — 
compressor unit actually was built along these principles and — 
tested in 1927. Then there was a lull in activities until the early — 
1930’s when Whittle asked for a leave from the Royal Air Force 

to organize a company to develop turbojet units. It was difficult 

for him to get support on this project so the work did not really | 
get under way until 1936, when he formed the Power Jets Com- — 


pany and began the development of a centrifugal-compressor 
unit. His labors met with success and his first compressor-tur- 
bine gas engine ran in the test bed in 1937. In 1936 a second 
group under the direction of Griflith and Constant at the Royal 
Aircraft Establishment began to construct and test axial-flow 
compressors. 
under the direction of von Ohain at the Heinkel Aireraft Company 
began development work on a centrifugal compressor, The 
Germans began preliminary work on the axial-flow turbojets in 
1937. ‘The 
activities of the German groups and probably vice versa, 

In March, 1938, the British Air Ministry placed a development 
contract with Power Jets, Ltd., and a little over a year later, in 
July, 1939, the first flight unit was ordered, The engine pro- 
duced was the W-1 which powered the first British jet flight. 
This centrifugal-compressor-type turbojet unit delivered about | 

855 Ib of static thrust and weighed 623 Ib, Fig. 1. 


A little later in the same year, a group in Germany 


English groups were completely unaware of the 


(Courtesy of fPritieh information eervice.) 


The development ir, Germany was more of a private investiga- 
tion. The initial design, the He S38B, which propelled the first 
turbojet flight, It. dif- 
fered from the W-1 in that it had an annular combustion chamber 
It. delivered about 1100 Ib of thrust. 


was also a centrifugal-compressor unit, 


instead of the can type 
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DESCRIPTION OF COMPRESSORS 


In order to eliminate the possibility of confusion the main types 
of compressors will be described briefly. A typical centrifugal 
compressor consists of a rotor mounted on a sha:t so that it can 
be rotated in a stationary casing with small axial clearance. 
The rotor is composed of a circular metal disk with attached 
radial vanes or blades. As a result of the centrifugal force im- 
parted to the air by the rotor, a flow is established in which air 
enters the annular inlet of the casing near the axis and flows be- 
tween the vanes and out radially into the stationary casing. The 
casing contains fixed guide vanes which direct and diffuse the air 
as it leaves the rotor. The air is diffused further in collection 
chambers and then discharged through one or more ducts, Fig. 2. 


DIFFUSER 


Fie. 2) Scuematic ILLUSTRATION OF CENTRIFUGAL COMPRESSOR 


An axial-flow compressor is composed of an alternating se- 
quence of fixed and movable sets of short blades. The sets of 
fixed blades are spaced around the inside periphery of an outer 
stationary casing and together they constitute the stator. The 
sets of the movable blades are fixed to a spindle and the combina- 
tion constitutes the rotor. The axial spacing between each con- 
secutive set of stator blades is just wide enough to permit the 
sete of rotor blades to pass between them as the rotor revolves 
about its axis. The radius of the rotor hub and the length of the 
blades are determined so that there is only a very small tip clear- 
ance at the end of the rotor blades. One set of stator blades and 
one set of rotor blades constitute a single compressor stage. The 
number of stages varies from three on up depending upon the 
pressure. Energy is added to the air by the rotor blades and 
then it is redirected by the following stator blades before entry 
into the next stage. In order to avoid excessive velocities the 
air is diffused in each stage, either in the stator, in the rotor, or 
in both. The successive sets of blades are reduced in length to 
compensate for the reduction in volume resulting from the in- 
creased pressures. 

A mixed-flow compressor differs from a centrifugal compressor 
in that the vanes are attached to a hub with increasing diameter, 
instead of a metal disk perpendicular to the axis. 


CENTRIFUGAL-COMPRESSOR JET ENGINES 


The W-1 unit was so satisfactory that it stimulated a concen- 
trated development program in both England and America. Its 
design was brought to America, and General Electric Company 
produced a duplicate called the I-A. Immediately thereafter, 
the General Electrie engineers began to make design improve- 
ments and to increase the size of the units. They built in se- 
quence a few I-14’s, many !-16's, some I-20’s, and a large number 
of I-40’s. These units were designed to develop 1400, 1600, 2000, 
and 4000 Ib of static thrust, respectively. Engines of the first 
two of this series were employed to propel the twin-engine Bell 
»-59A aircraft, the first American jet plane. The I-20 had the 
best specific fuel consumption of any of these early designs, but 
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ROTOR AXIAL 
FLOW COMPRESSOR 


STATOR CASING OF AXIAL FLOW COMPRESSOR 


Fie. 3) AxtaL-FLow 
(Courtesy of Westinghouse Electric Corporation.) 


because of the requirement for larger units only a few were built. 
The I-40, on the other hand, was the initial design of the turbojet 
which has been built in larger quantities than any other unit. 
It was conceived early in 1943 and was run initially in December 
of the same year. It was first used in the Lockheed XF-80, the 
Shooting Star, in June, 1944. In order to secure expanding facili- 
ties the blueprints of the engine were given to Allison Division of 
General Motors for mass production. The initial production 
model, which is now designated the J33-A-21, delivered 3825 Ib 
of static thrust with a specific fuel consumption of 1.22 lb of fuel 
per hr per lb of thrust. It weighed 1850 lb. Through a con- 
tinual development program by Allison the engine has been im- 
proved in two successive major steps. The first increased the 
static thrust to 4600 Ib and the second was even a greater in- 
These increases, unlike the ones in the I-series, were made 
The increases in 


crease. 
without increasing the diameter of the engine. 
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thrust were obtained by increasing the air flow and the compres- 
sion ratio. Simultaneously, with the thrust increase the specific 
fuel consumption was reduced. The weight of the engine was 
only increased slightly and as a consequence the specific weight 
was reduced, Fig. 4. 


iG. 4 
(Courtesy of Allison Division of General Motors Corporation.) 


bic. 5 THe Gosuin 
(Courtesy of De Havilland Engine Company, Ltd.) 


At the same time that General Electric and Allison were de- 
veloping and making improvements the British engineers were also 
The DeHavilland Com- 
The Rolls-Royce 
Company designed in order the Welland, the Derwent, and 
the Nene. 
the two companies was that the DeHavilland engines employed 


making great strides along the same line. 
pany produced the Goblin and the Ghost. 


The essential difference between the developments of 


single-entry compressors while the Rolls-Royce concentrated on 
the double-entry type. The latter-type compressor has vanes on 
both sides of the impeller and has the advantage of increased 
air flow with only a smal! increase in weight. The former has the 
possible advantage of greater ram-pressure recovery. (The 
American engines previously mentioned are of the double-entry 
type.) The thrusts of these engines varied from 3000 to 3500 Ib 
for the Goblins, from 4450 to 5000 Ib for the Ghosts, from 3600 to 
4000 Ib for the Derwents, and from 5000 Ib for the Nene J to 6250 
Ib for the Nene TAY. 
pace with that in America 


The development in England kept a close 
In fact, in all phases except produc- 
tion, the English have maintained the leadership. The Nene 
TAY and the J33-A-16 are of about equivalent development 
advancement and they both sprang from the Whittle W-1 which 
was the grandfather of them all. 

Americanized versions of both the Nene J and the Nene TAY 
are being produced by Pratt and Whitney. 
the same engines are also in production in France, Russia, and 
Australia. 
duced in Sweden and Italy and the Derwent in Belgium and 


Other versions of 
Versions of the Goblin and the Ghost are being pro- 


Argentina 


A limited number of the Goblins, or more precisely, 


Fic. 6 JAS ENGINE 
(Courtesy of Pratt & Whitney Air 


the forerunner of the Goblins, the Haliford H-1 was produced in 
the United States by the Allis-Chalmers Company 

The Turbomeca Company in France is producing two series of 
small centrifugal jet engines with air flows of 4.6 to 16.5 Ib per 
They develop thrust in the range from 200 to 720 Ib. The 
Continental Aviation and Engineering Corporation is licensed to 
The Boeing Aircraft Com- 
pany has developed an even smaller unit with thrust of about 
150 Ih. 


produce these engines in America. 


ENGINES 

Although the development on axial-flow turbojet units began 
almost as early as the work on centrifugal and many more designs | 
have been made, the production in Ameriea and England has 
lagged behind that of the centrifugal type. The reverse was true 
in Germany. In spite of the fact that the first German flight 
was with a centrifugal-type jet and they continued to make other 
designs, the axial-flow engines emerged the favorites and were 
the first to be put into production, The Jumo 004 was the only 
operational German turbojet. It had an eight-stage axial com- 
pressor, six combustion chambers, and a one-stage impulse tur- 
bine. It delivered a static thrust of from 2200 to 2500 Ib with a 
specific fuel consumption of about 1.36 to 1.4 Ib. 
power plant used in the Me 262, the first operational jet bomber, 
The construction of the Jumo 004A was begun in early 1940, and 
the first unit ran in December of that year, 
of about 6 months to eliminate the vibration troubles; conse- 
quently the unit was not flight-tested until late in 1941. The 
second of this series, the 004B unit, was designed about this time 
and flight-tested in 1942. 
production in 1943 

In this country the Westinghouse Electric Corporation and the 

General Electric Company pioneered in the field of axial-flow 
turbojets. Although some thought was given to the possibilities 
of such engines in 1941, the fabrication of units did not begin until 
1942, and the first units were tested in 1943. The Westinghouse 
Corporation built the 19A, 19B, 9'/,A, 9'/,B, 19XB, 24C, and 
the J40 in sequence. 
units were based upon the diameter in inches of the units, and 
their static thrusts delivered were 1100, 1365, 270, 275, 1600, 3000 
Ib, respectively, Figs. 7 and 8. 

The General Electric designed and built the TG180, TG190, 
The TG1S80 
known as the J35 was placed into quantity production by Allison 
in 1947. The TG190 or J47 is being produced by General Elee- 
tric the latter has one more 
compressor stage, and increased air flow and thrust. The first of 
these engines developed 3750 and 4800 |b of static chrust, respee- 
tively. 


It was the 


It required a period 


It was this version which went into 


The designations of the first six of these 


and is currently developing other new engines. 


These two engines are similar; 


Again, both of these engines have gone through extensive 
development programs until now the thrusts have been increased 
to 5600 and over 5800 Ib, respectively. In addition, both have 
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been redesigned completely to give even higher rated values, 
Figs. 9 and 10 

As was indicated earlier, the British began the development 
work on axial-flow units almost 
There 
ing of the construction and testing of several 


48 soon 48 on centrifugal units 
was a long development program on compressors, consist- 
The first complete 
1939. It had a 
compression ratio of 4, a mass flow of 38 Ib per sec, and delivered 
2150 Ib of thrust when operating at 1930 deg R. The production 
version, the F-2 made by Metropolitan-Vickers, first ran in 
1941. It delivered 2200 Ib of thrust, weighed 1530 |b, 
and gave a specific fuel consumption of 1.07 Ib. 
the Jumo 004, by 25 per 
After 
1, Beryl l and 
The Armstrong-Siddeley built the ASX, the Adde, 
has designed the 


axial turbojet, F-1, was produced in December, 


December, 
This engine was 
superior to the German contemporary, 


cent in fuel consumption and 5 per cent in specific weight, 
the F-2 the Metropolitan-Vickers produced the F-2 
the Beryl 11, 


Sapphire, 


and the The Bristol Company 


ig 


Compressor Rotor 
Vane Assy 
No, 1 Bearing Support 


Oil Cooler 
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Olympus. Because of their merit, American versions of the latter 
two are now under contract for production in the United States 
by Wright Aeronautical Company, Fig. 11. Simultaneously with 
later developments of the other companies the Rolls-Royce 
Company has designed and built the Avon. 

Exeept for the production of the British Nene, the design de- 
velopment and production of jet engines in France has been con- 
centrated upon the axial-flow type. Rateau has designed units 
with high compression ratios and large thrust values. The Ste’ 
Nationale d’Mtude et de Construction de Moteurs d’ Aviation 
and Ste’ de Construction et d’Equipments Meecaniques pour 
L’ Aviation have also designed a series of axial-flow turbojets 

In Canada the AV Roe Canada, Ltd., has built two axial-flow 
turbojets, the Chinook and the Orenda, The first has a static 
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(Courtesy of Westinghouse Electric Corporation.) | 
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(Courtesy of Westinghouse Eleetric Corporation.) 


thrust of about 2600 Ib and the latter about 6500 Ib, Fig. 12. 


The Swenska Turbintabriks Company in Sweden has de- 
veloped the Skuten J, an axial-flow engine of about 3200 |b of 
thrust. 


The Russians have produced several axial-flow turbojets which 
were developed from the German engines, They have improved 
versions of the BMW 003, the Jumo 004, the Jumo 012, and the 
BMW O18. These engines deliver thrusts of about 3750, 4000, 
6600, end 7700 Ib, respectively. 
the range from 3. 34 to7 7.0 and specific fuel consumption of 1.2 to 
108Ibo 


The compression ratios vary in 


AUGMENT ATION 


In spite of the fact that the turbojet engine, as a result of its 
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low weight and large thrust output at high velocities has revolu- 
tionized aviation, it has some disadvantages. One of these is it~ 
low thrusts for take-off. This deficiency has been partially cor- 
rected by augmentation of the thrust by water injection or by 
afterburning. 

Until now, the thrust values quoted have been those for « sim- 
ple open Brayton cycle with air as the fluid, namely, 
sion, heat addition at constant pressure, and an expansion back 


conmipres- 
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to initial pressure. In the the turbine extracts the 
exact amount of energy required for the compressor; the remainder 
of the energy is converted into velocity by the nozzle to form the 
Sinee the total pressure 


jet stream which is directed { 
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after the turbine is greater than the atmospheric pressure, 4 


second addition of heat before the expansion through the nozzle 


would yield an even higher jet veloc ity. Such a process is called 
alterburning. 

The experiments of the British, early in 1944, demonstrated 
that the additional burning in a jet stream of a turbojet was pos- 
The first experiments in this country were made by Wood- 

In these early tests, the problem was 
The art has progressed so that now the 


sible, 
hull, Gibson, and Knapp. 
to get the fuel to burn. 

problem is to improve the efficiency, reduce the pressure losses 
and increase the altitude of operation. (Although the introduc- 
tory paragraph of this section referred only to take-off, additional 
thrust at other altitudes and speeds is frequently desired.) Now, 
nearly all production turbojets have a model equipped with 
an afterburner which augments the statie thrust by 40 to 
60 per cent and the thrust at a Mach number of 1 by as much as 
100 per cent, This gain is not all velvet because there is an addi- 
tional pressure loss in the elongated exhaust nozzle (the second 
burner) which persists even when the afterburner is not operat- 
ing, thereby increasing the specific fuel consumption at all 
powers and decreasing the maximum attainable thrust without 
Besides this, the specific fuel consump- 
afterburner is in 


afterburner operation. 
tion for the additional thrust delivered when the 
operation is from 4 to 5 times that for the simple-cycle engine 
without afterburner. As a result, the specific fuel consumption 
on the total thrust is about 2'/, times that of the simple engine. 
Nevertheless, the afterburner has its place and for a short interval 
of operation the excessive use of fuel will not equal the additional 
weight required for the basie engine which could deliver the 
thrust without augmentation. 

Another method of augmentation is the injection of water or 
other liquids into the airstream at or near the compressor en- 
trance, The cooling of the air by the evaporation of the water 
injected at the entrance of a compressor admits three beneficial 
effects, namely, (a) an increased mass flow, (>) a lower power re- 
quirement for a given compression ratio, and (c) a higher pressure 


ratio. The increase in mass flow results from the density in- 


crease associated with the lower temperature. The decrease in 
enthalpy per pound of mass required for compression to a given 
pressure is evident at a glance of an h-s chart. The lower tem- 
perature makes the Mach number of flow higher for the same rate 
of rotation and, since the pressure ratio by the similarity law is an 
increasing function of the Mach number, the pressure ratio for 
the maximum rpm is higher. This increase in pressure ratio, on 
the current engines with low compression ratio, produces an in- 
‘rease in cycle efficiency. Additional fuel may be added since 
the gases may be heated to the same top temperature. Hence 
there will be an increased amount of useful energy per pound of 
gas. Thus with water injection there are two beneficial effects, 
increased mass flow and increased useful energy per pound. Of 
the two effects, the latter is the greater. Usually, the water is 
mixed with alcohol for two reasons: (a) To supply the additional 
energy required to evaporate the liquid and heat the addi- 
tional mass, and (b) to avoid possible freezing of the water. An 
increase of from 10 to 20 per cent in the static sea-level thrust can 
be obtained in this manner, and a somewhat higher percentage 
may be obtained at high speeds. The total liquid (water, alcohol, 
and fuel) consumption for water injection is much higher than it 
is for afterburning. Hence the method would be used for even 
shorter periods of time. 

Some current engines are equinp! for both water injection 
and afterburning. The two effects are additive so it is possible 
to obtain 70 per cent increase in static thrust over the basic 
engine. 

Tursorror DeveLormMENT 

Another possible method of improving the static thrust and 
thrust at low speeds is to activate a larger mass of air. This can 
be done by extracting additional power in the turbine and utiliz- 
ing it to drive a propeller or fan. In spite of the additional com- 
plications and weights resulting from the extra turbine stages, the 
and the propeller, the higher possible propulsive effi- 
Soon after the success 


gearbox, 
ciencies have made the idea attractive. 
of the first turbojets, the British launched out on the project of 
making such engines. The Armstrong-Siddeley Company used 
the ASX axial-flow turbojet as a basis of the development of the 
Python turboprop. This engine first ran in March, 1945. The 
Rolls-Royce made an adaptation of its Derwent turbojet to form 
an experimental turboprop, the Trent. In September, 1945, it 
became the first turboprop to propel an aircraft. 

The Bristol Company was the first to concentrate upon the 
development of a turboprop per se; their first unit was the 
Theseus I. It had a corabined compressor consisting of eight 
axial stages followed by one centrifugal stage. The compressor 
was run by the first two stages of the turbine and the third turbine 
stage drove a propeller by means of an independent shaft which 
extended forward through the hollow compressor-rotor shaft. 
This unit was unique in that it had a heat exchanger; that is, the 
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(Courtesy of British Information Services. ) 
hot exhaust gases and the air leaving the compressor were passed 
through adjacent tubes in a matrix so that the hot exhaust gases 
transferred some heat to the compressed air, thereby reducing 
the amount of fuel required in the burner. At about the time of 
these British developments, the General Electric Company in 
America designed and produced the TG100. This engine made 
its maiden flight on December 21, 1945, when it propelled the 
XP-81, Fig. 15. 

Actually, the first turboprop designed in the United States was 
the turbodyne of the Northrop Aircraft Company. The com- 
mitment for the production of this engine began in 1941, and the 
engine was wrecked in the test bed some 4 years later. 

Subsequent to the early developments in England, the Bristol 
Company produced a larger unit, the Proteus, the Rolls-Royce 
produced the Clyde and the Dart, the Armstrong-Siddeley the 
Python II and the Mamba J and II, and the Napier Company the ESHP=SHP + 2 
NAIAD. 

After the removal of the energy to run the propeller, there is while the values at flight speed are the sum of the shaft power and 
still energy in the jet stream which, rom the standpoint of avia- the thrust horsepower of the jet divided by 0.85 (assumed pro- 
tion, is still useful. It delivers a jet thrust so now the thrust eller efficiency) 
horsepower or useful thrust is cbtained from two sources, the FU 
shaft power and the jet power. A complete description of the ESHP = SHP 4 
engines would specify the exact division of the total energy be- 
tween these two. However, for comparison purposes it is con- where U is the flight speed in feet per second. _ Since in most 
venient to combine the two into a single approximately correct cases the amount of thrust power delivered by the jet is a small 
one called the equivalent shaft horsepower, denoted by ESHP. — per cent of the total thrust power an error in assuming an incor- 
The static value is taken to be the sum of the shaft power and 0.4 — rect value for the propeller efficiency gives at most a small error 
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on the entire shaft power. (The percentage of error would equal 
the error in efficiency times the percentage of jet-thrust power. ) 
The static power of the British engines mentioned vary from 1100 
to 4600 ESHP. They also have coupled units of the principal 
engines: the Python, the Mamba, the Proteus, and the NAIAD, 
which delivers twice the power of the single units. 

Although there have been several paper designs from the 
simplest units to the most complicated heat-exchanger cycles, 
there are only three companies in the United States producing 
large turboprop units; Allison, Pratt and Whitney, and Wright 
Aeronautical, Allison has a unit which will deliver over 2780 
equivalent shaft horsepower and an engine consisting of two of 
these units coupled to a single shaft. Pratt and Whitney has 
one unit which will deliver about 5500 ESHP and Wright Acro- 
nautical has one of similar size. 

The Germans had thought of building turboprops and it is 
believed that the Russians have built one following the prelimi- 
nary design of the Germans. 

The French have a medium-size axial-flow turboprop and again 
the Turbomeca Company has a series of small turboprop units 
with airflow of 4.4 to 6.8 lb per see. 
from 225 to 350 SHP 

The Boeing Aircraft Company also has a small turboprop, the 
Boeing 502. 

In addition to the Theseus, the Proteus and the Clyde have a 


These latter units develop 


compressor composed of several axial stages followed by « cen- 
trifugal stage. The Dartand the T35 have two-stage centrifugal 
compressors. The others mentioned (except the Trent and Boe- 
ing 602) all have axial-flow compressors, 
Ducrep Fans 
Many studies have been made concerning the possibilities of 
developing an engine intermediate between the turbojet and the 
turboprop. The engines have been described by the terms 
ducted-fan, by-pass engine, and so on. Essentially, more energy 
than that required for the compression of the main air stream is 
removed by the turbine. This energy is employed to drive a fan 
attached to the turbine which augments the mass in the jet 
stream, or to drive longer compressor blades which compress a 
second mass of auxiliary air that augments the jet stream either 
with or without heat additions in this auxiliary stream. Al- 
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though there is a possible advantage of this type of engine over 
the other gas turbines for some applications, so far it has not been 
of sufficient merit to encourage the development in the United 
States. In England, the Metropolitan Vickers designed and 
produced the F3 and F5. The first has a ducted fan and the 
latter an open fan, Fig. 20. In addition to these the British are 
also developing a by-pass engine. 

Once again, the Turbomeca Company in France has a small 
unit, the Aspin J, of about one tenth the size of the British units. 

DESIGNATIONS 

In 1946 the Armed Services of the United States formulated 
an Official designation system for gas-turbine engines. The 
designation consists of a letter to denote the type, J for a turbo- 
jet and T for a propeller turbine. The latter is followed by a 
number 30 and above, which specifies the engine regardless of the 
manufacturer. The number is even for engines developed under 
Navy contract and odd for those developed under Air Force con- 
tract. A dash then precedes one or two letters which denotes the 
manufacturer and this (these) letter(s) is followed by a dash and 
another number which denotes the specific modification. Again, 
the last numbers are even for naval use and odd for Air Force 
use. This is true even when the engines are identical. 

For example, the J33-GE-4 is a turbojet designed and produced 
under Air Force contract, manufactured by the General Electric 
Company and is to be used by the Navy. In the case of experi- 
mental engines, the described designation would be preceded by 
the letter X. For example, the XJ34-WE-22 is an experimental 
jet engine under Navy contract with Westinghouse Electric 
Corporation to develop an ehgine for a naval use. Although the 
first part of the designation appears clear the dash numbers which 
denote the modifications are confusing since they do not appear in 
any definite order. 

All existing turbojets and turboprops and all of those that have 
been in design and development stages in the United States 
have been given one of these standard designations. The con- 
tracts on some of the engines were canceled even before any were 
built so there are some missing numbers in the present J and T 
series. To date, the J series extends from 30 to 48 on the even 
numbers and from 31 to 73 on the odd numbers. The old designa- 
tions and the new ones are co-ordinated in Table 1. The T series 
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also began with 30 and currently goes up to 50. Even and odd 


numbers again give the same distinction as for the turbojet. 
FUNDAMENTAL CHARACTERISTICS 

So far this paper has been confined to historical facts. Many 
engines have been produced in this short interval of time. The 
question arises: Are the new engines better? Or, in other words, 
what is the ‘‘state of the art’’? 

Of the many characteristics of engines the ones most important 
from the standpoint of aviation are the thrust or power of the 


TABLE 1 TURBOJET ENGINES 
Wr Ww F Were 
designation Year F F F L Fe 
CENTRIFUGAL COMPRESSORS 
HeS3B 1100 1.450 0O 
0 


-1 855 


1-14 1400 
1-16 


1-20 
1-40 


Name 


J31-GE 


J39-GE 
J33-GE 
J33-A-21 
J33-A-14 
J33-A-27 
alifor 
H-1 J36-AC-2 
Goblin 2 i . 230 
Goblin 3 
Ghost 2 0804 
Welland I 120 
943 


Derwent I 4 170 


Derwent V 
Nene 


J42-P-4 


Am. ver. } 
Nene II 
TAY 
Am. ver. } 1 
Nene TAY 
Pimene 242 #1. 
Palas 330 «1. 
1 
1 
1 


6250 


J48-P-6 6250 


MarboreI J69-T-1 640 
J69-T-3 q 880 
Boeing 500 a4 150 


Axtat-FLow Compressors 
1940 2200 
1940 7 
1943 
1943 


Jumo 004B 
BM W-003 
Jumo-012 
BMW-O18 


~ 
= 


E 


J30-WE 
J34-WE-22 
J34-WE-32 
J34-WE-38 
-WE 


cocoso 


TG-180 


TG-190 


J47-GE-: 
ASX 
Adder 1 
Sapphire 


J65-W 


Avon 
Rateau 
SRA-1 
Rateau 
SRA-101 
ATAR-101 
TGAR-1008 
Chinook 
Orenda 
Olympus 


19464 
1948a 


7275 


19484 
1948° 


4850 
4850 
2600 
6000 
9750 


1590 .170 
950 -650 


0504 
060¢ 


oss 


Viper 


J71-A 
J73-GE-3 1952 

@ Denotes estimated values. 

Note: The J-38 is a turbosupercharged unit. 


The J-37, J-41, J-43, J-45, 
J-49, J-51, J-59, and J-61 were canceled. 


unit, the specific fuel consumption, the specific weight, the thrust 
per unit frontal area and per unit size. A large thrust is impor- 
tant for take-off and high velocity; a low specific fuel consumption 
A light engine permits 
smaller airplanes, or greater range, or more payload or a com- 
bination of all, A small frontal area admits the possibility of a 
cleaner airplane with less drag, hence one which requires less 
thrust for a given performance. In some designs, space consid- 
erations are important, hence, the smaller the better. 

A high maximum static sea-level thrust is essential for take-off; 
however, the most important point for low fuel consumption is 
at the altitude, speed, and thrust employed for the cruise or at the 
high-speed condition, depending upon the type of operation. It 
is unfortunate that engines are sold on the basis of their static 
sea-level performance for the time of operation there is so short. 
It is quite probable that many if not most of the early designs 
have been designed for static sea-level performance even at the ex- 
pense of better performance at current flight speeds and altitudes 
for application. Nevertheless, the tables and graphs given 
herein, which are made to show the progress of the art, will be 


is required for long range or endurance. 


based largely upon the static sea-level performance, since more 
uniformity can be obtained for the data there. . 

The basic characteristics of the turbojets are given in Table 1 
and those for the turboprops in Table 2. The values refer to 
operation at maximum temperature and rpm without augmenta- 
tion, except those for cruise which refer to the normal rating 
The following nomenclature is employed: 


static thrust, Ib 

thrust at a speed of 400 knots at 35,000 ft, Ib 
fuel at static sea level, lb per hr 

fuel at speed of 400 knots at 35,000 ft, lb per hr 
engine weight, Ib 

maximum frontal area, sq ft 

length, ft 

static equivalent shaft horsepower 


ESHP 
The year is the date of the experimental engine operation. 
TABLE 2 TURBOPROPS 

_Wr _W_ ESHP ESHP 
Designation Year ESHP ESHP E L 


2075 0.940 f 235 
2142 242 


0 

0 

368.0 


7040 
1062 


Name 
Theseus 1 
Theseus 21 
Theseus 11 
Theseus 502 
Proteus I 
Proteus II 
Coupled Proteus 

It 


Trent I 

Clyde 

Dart I 

Dart 504 
Mamba I 
Mamba 


Mamba II 
Python I 
Python II 
NAIAD 1 
Coupled NAIAD 
TR-1000 
TG-100 


1951 
T37-NA-4 1947 
T35-W-1 625 
T47-W 
T49 
Boeing 502 640 


Turbodyne 


DUCTED FANS 
Wr Ww 
Name 
F-3 
F-5 


Nore: Based on area of fan 


a 
— 
0.401 203 343 
0.475 255 440 
0.484 274 446 
0.386 316 517 1.4 
0.519 
0.517 219 336 
0.470 248 400 
0.402 329 520 
0.530 159 310 
ste 60 0.313 376 620 — 
0.345 376 580 1.219 F,= 
0.320 
0.325 454 702 1.29 
0.486 173 72 
0.400 237 95 W = 
0.825 234 141 
0.818 321 194 Ae 
450 187 1.7: 
1 6! 
1.3: 
280 166 
19A 1942 1360 1.350 610 691 163 Yt 
19B 1943 1365 1.280 8.620 694 157 
1943 250 1.900 80 510 54 
9'/2B 1943 275 1.700 20 560 60 
19XB 1944 1560 1.170 1440 791 199 1.6: 
24C 3000 1.080 395 755 300 1.2: ' 
3370 1.030 604 848 220 1.2: “ee 
3500 1.040 8.426 883 375 1.2¢ 
J40-WE-8 1951 ‘ 
J35-GE 1944 3750 1.115 421 267 1946 810 
J35-A-15 1947 3750 1.115 428 276 830 0.890 130.0 142.8 
J35-A-17 1949 4900 1.080 560 402 1.21 = 
1951 #600 722 460 1951 1515 0610 187.0 4: 
1947 4850 1.100 586 404 1.2 1944 «1136 0.765 0.660 284.0 170.0 : 
17 195 25 1. 55 
~~ 1949 2855 0.780 0.700 183.0 338.0 
1944 2600 1.1004 271 187 1949 1435 0.610 312.0 224.0 
1950 1100 81 180 1945 4130 0.765 0.720 328.0 364.0 
1950 7200 1949 4560 0.650 
1950 7220 1948 ©1590 0.690 372.0 187.0 
1947 6500 0.890 692 630 1950 3150 0710 315.0 367.0 
3300 1.060 311 490 1950-1520 0700 3700 169.5 
! 1945 2440 0.820 325.0 259.0 
860 608 1948 2780 0.580 095 3100 218.0 
10-A 1948 5580 0 580 0.465 631.0 386.0 
1.060° 731 454 4-P 1950 5206 0.610 0.456 635.0 454.0 
ave 76.0 392.0 
- 
|| 626 545 00.0 782.0 
01.0 681.0 a 
J67-W 1952 
ASV2 1951 0 360 
J44-R-1 1950 0.3135 350 158 00.0 630.0 = a: : 
J53-GE-1 1953 
J55-FF-1 1948 
; 
A L 
292 368 
280 398 
> .- 
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Tables 1 and 2 give some of the fundamenta) facts arranged in 
a somewhat logical manner, yet it is difficult to see from these 
tables the progress of the development. These and other values 
have been plotted versus the experimental engine year for the 
early period from 1937 to 1952. Because of the tremendous 
scatter of the points it is not possible to construct precise trend 
curves which have significant values at every point. The curves 
shown here are estimates of the median values for the series of 
They are:included so as to give a general indication of the 

The discrete points show the scatter. 


years, 
changes 


Turust 


Although turbojet engines are being designed for a variety of 
thrust, from the small to the very large, there is a definite tend- 
ency to build more powerful units. Curves which give an idea 
of this trend for both centrifugal and axial-flow-compressor types 
are shown in Fig. 21. The new designs for both types show a 
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definite increase. ‘These curves indicate a leveling off for size of 
the centrifugal compressors. The early units of both types were 
about the same size, but in the last few years the largest engines 
are all of the axial-fiow type. Thus the axial-flow engines show a 
greater rise in the growth curve. Many of these are of a two- 
spool design; that is, a portion of the compressor rotor and a 
portion of the turbine rotor are secured to one shaft and the re- 
mainder of the compressor and turbine are secured to another 
concentric shaft free to move inside the first shaft. It might be 
possible to conclude from this that the axial-flow engines are 
more readily adaptable for larger sizes. On the other hand, the 
extremely small units have been of the centrifugal-compressor 


type. 


Speciric CONSUMPTION 


The static specific fuel consumption has decreased over the 
years, Fig. 22. However, this decrease has been small for the 
centrifugal type since 1944. On the other hand, the specific fuel 
consumption of the axial-flow type still has a definite downward 
trend. The values for axial-flow engines are continually less 
than those for centrifugal engines. This difference is in sccord- 
ance with prediction and it appeared in the early designs and has 
been maintained. The trend curves show from 6 to 8 per cent 
advantage for the axial-flow type. It is of interest to compare 
the curves in Fig. 22, based upon the engines of the world with 
similar curves on the British engines published by Constant in 
1950. The curves for the centrifugal type are similar in nature 
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but the British curve is from 4 to 6 per cent lower than the one 
in Fig. 22, Perhaps his curve represents more of an envelope 
curve rather than a curve of median values. The specific fuel 
consumption for the axial-flow engines given here does not show 
the abrupt increase in downward slope at the beginning of 1948. 
There are only a few engines with sfe less than 0.9. The pro- 
jected values of Constant’s curves appear to have been opti- 
mistic. At the present ‘‘state of the art,’’ in addition to the tech- 
nical knowledge, it seems necessary to have exceptionally good 
luck in order to achieve the lower values. This statement is not 
facetious, because axial-flow compressors of several stages have 
been designed which had an adiabatic efficiency of about 0.92 
while other compressors designed and manufactured by the same 
company on the same principles have had much lower efficiency. 

The curves, Fig. 23, for specific fuel consumption for cruising at 
400 knots at 35,000 ft are based upon less accurate data and 
fewer points; however, it is believed that the trends are reliable. 
Only the curve for the axial-flow engine is shown, but the solid 
dots far a few centrifugal engines show that the two types have 
maintained their relative positions, the specific fuel consumption 
of the centrifugal remaining more throughout the operating 
range. In general, the specific fuel consumption at cruise de- 
creases with altitude but increases with velocity. 

The tremendous merease in fuel consumption required for 
augmentation is shown in Fig. 24. In spite of the advancement, 
the pounds of fuel per pound of augmented thrust at static sea 
level appears to be about 5 times what it is for the basic engine. 
For injection the situation is even worse. The total liquid con- 
sumption of alcohol plus water plus fuel per pound of augmented 
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thrust runs from 3'/; to 4 times higher than that for afterburning 
as illustrated in Fig. 25. 
Speciric WEIGHT 
The specific weights of the turbojets are given in Fig. 26. 
Rapid progress has been made in this important phase for both 


the axial and centrifugal types. The specific weights of the axial- 
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flow engines are distinctly higher than those for the centrifugal 
engines. For points on the trend curves the weight advantage of 
the centrifugal engines is as much as 20 per cent. The curves do 
not give any evidence of crossing as was predicted by the extrapo- 
lations, the dotted portions, of Constant’s curves for the specific 
weights of British engines. The trend curves presented here indi- 
cate it will be several years before the specific weights are as low 
as 0.3 for axial-flow turbojets. Although a few axial-flow engines 
are approaching this value, the majority of the designs are above 
0.4. Again, Constant’s curves appear more like envelope values. 
The British are even talking about engines with a specific weight 
of 0.2 to 0.25. Although they have excelled the Americans on 
this question of minimum weight as is evident from the weight 
rise in the American versions of the British engines, the achieve- 
ment of the goal of specific weights of 0.2 appears to be in the 
distant future. 
can engines is high stress requirements created by the Mach 


One reason for the higher weights of the Ameri- 
number limit at sea level. A second factor is the weight of the 
auxiliary gear. 
SIZE 

Not only has the specific weight decreased but the specific size 
also has been reduced. There has been an increase in thrust per 
unit length as well as per unit area, As has been generally 
known, the centrifugal-compressor turbojets give a much higher 
thrust per unit length and much smaller thrust per unit frontal 
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area. ‘The thrust per unit frontal area of the centrifugal type 
appears to be reaching its maximum but that for axial type seems 
to be ascending more rapidly than ever. As previously men- 
tioned in the general discussion, the thrust of many of the engines 
has been increased substantially without increasing the over-all 
This can only result from two effects, increased air 
flow or increased cycle efficiency.’ Because of the limitation of 
the latter, most of the improvement must come from the former. 
This is revealed by the curve in Fig. 29. In fact, if one were to 
isolate the single greatest improvement which has taken place in 
the past 7 or 8 years, it would be the large increase in mass flow 


dimension. 


per unit area. Asa result of this, it has been possible to increase 


the thrust without increasing the weight and length an apprecia- 


‘ble amount. As has been mentioned previously, the magnitude 
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of thrust per unit frontal area is of especial importance in aviation 
because of its effeet upon the drag of the airplane. Within limits, 
the larger the diameter of the engine the larger the fuselage or 
the engine nacelles, either of which will increase the drag of the 
These effects become of especial importance in the 
Livery additional pound of drag 


airplane, 
compressible high-speed range. 
effectively reduces the thrust by a pound. 

The increased mass flow per frontal area has resulted from a 
reduction in hub/tip ratio, higher relative Mach numbers, and 
changes in the type of designs, most of which are mentioned in a 
companion paper.* An indication of the change in hub/tip ratio 
for axial-flow compressors is given in Fig. 30 


Cyc Le CHANGES 


For the most part, the engines have remained of the simple- 
cycle type, consisting of compression, heat addition, and expan- 
sion, Hence the changes in the cycle efficiency depend upon the 
The trend in compression ratio, Fig. 
This is especially true for the 
axial-flow type in the past few years. In the present temperature 
range, higher compression ratios give more efficient cycles, pro- 
vided the compressor efficiency does not decrease too rapidly 
This opens the discussion 


changes in these factors 
31, has been toward higher values. 


when the pressure ratio is increased. 
for the trends of the maximum operating temperatures, the com- 
pressor efficiency, the turbine efficiency, and the changes in 
compressor and turbine efficiencies with pressure ratio. The maxi- 
mum operating temperatures, Fig. $2, have increased only slightl) 


over the period of time. The early engines operated at a peak 


* The cycle efficiency is the ratio of the useful energy to the fue! 
energy. 

*CGas-Turbine Progress Report 
Martinuzzi, paper No. 52-—F-1C 


by P. F. 
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temperature of about 1900 deg R and the median point for present 
engines is about 2060 deg R. In order to obtain the higher tem- 
peratures some companies are using a small amount of air cooling. 
EFFICIENCY 

Before giving the changes in efficiencies which have been made 
in the few years of development, it is well to define the terms, 
since for the turbine at least, the definitions used in aviation are 
different from those employed in other gas-turbine fields. 

The adiabatic efficiency is essentially the ratio of the useful 
energy output over the energy input. For the compressor the 
useful energy is measured in terms of pressure rise. In order to 
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convert to thermal! units the useful energy is considered to be the 
energy required to develop the pressure if the process were 
isentropee. Thus the useful energy in Btu per pound of air is 
h'; — h, where h, is the total enthalpy per pound in front of the 
compressor and H’; is defined by the isentropic law 

h - ( Py 


y-1 
where :/P; is the total pressure ratio across the compressor: 


jew 8 = 


This definition has some disadvantages. The principal one is its 
failure to give the same result for compression in two or more 
steps as would be obtained for a single step if the steps and the 
entire procedure were assumed to have the same adiabatic efhi- 
ciency. A definition which does not have this objectionable fea- 
ture is the polytropic or small-stage efficiency. It is named after 
a polytropie process; a process which follows a law like the isen- 
tropic law, Equation [1], except the value y does not denote the 
ratio of specific heats. In other words, the polytropic efficiency 
of « compressor, Nre is defined by the equation 


he ( Ps Pe 
hy P, 


& 
or” 
Re 


Log hy, 


Log h’: 
= 


where A and P denote the total enthalpies and pressures and the 
subscripts denote as previously indicated the conditions in front 


Log 


and after the process. If successive stages of a compressor could 
be added with each state as efficient as the preceding one, then the 
over-all polytropic efficiency would be constant. Although this 
assumption is not quite true, it still appears that the polytropic 
efficiency is the best basis for the comparison since it does tend 
to eliminate the effect of compression ratio. Hence it will be 
employed here, 

The curve in Fig. 33 shows a definite increase in polytropic 
efficiency for axial-flow compressors, This curve corresponds 
closely with the curve of Constant on the British engines, At 
the present state of the art it appears that one should be able 
to design an engine with a small-stage efficiency of 0.9 and it does 
not seem practical to obtain values higher than 0.95. One com- 
pressor has been tested which has this high value. The corre- 
sponding values of the adiabatic efficiency are less. The two 
efficiencies are related by Equations [2] and [3] 


A second question which cannot be separated completely from 
the efficiency of the compressor is the pressure ratio developed by 


a given weight. A measure of this is the pressure ratio produced 
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per stage of the compressor. In other words, how large can the 
lift coefficient be without undue sacrifice in efficiency? Practi- 
cally all the data are on subsonic compressors. Fig. 34 shows that 
there was a slight increase in the early days but more recently the 
values have remained rather constant at about 1.15 to 1.16. 
However, the most efficient compressor known by the authors had 
a ratio of 1.168 per stage. 

In aviation the velocity of exhaust gas is not wasted; it is used 
to produce the jet thrust. This is essentially different from that 
in other gas-turbine applications; hence, in defining the efficiency 
of a turbine, the total pressures and enthalpies are used instead of 
the static pressures and temperatures. The only loss which is 
charged against the turbine is that energy which no longer can 
be recovered for use in accelerating the jet stream. This lose 
can be measured in terms of the loss in total pressure, The total 
pressure is obtained by converting the velocity to pressure by 
means of the isentropic law, that is 


P = 1 4 2 M 
where P is the total] pressure, P, is the static pressure, M is the 


Mach number of flow, and 7 is the ratio of the specific heats of the 
gas. The adiabatic efficiency of the curbine is defined as 
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where the values of hk and P without primes are the actual total 
enthalpies and pressures, primed quantities denote isentropic 
values, and subscripts 3 and 4 denote values in front and rear of 
the turbine, respectively. The corresponding polytropic effi- 
ciency is defined by the equation 
( P, 


increase in polytropic efficiencies over 
It is again important to consider the 
pressure drop or enthalpy drop per stage in the turbine. Because 
of the lack of available information, a plot of significance could 
not be made. The enthalpy drop per stage is largely dependent 
upon the number of stages. Although there is still a predomi- 
nance of single-stage turbines, the present trend is toward an in- 
crease in the number of stages with the hope of improving the 
efficiency. 


Fig. 35 shows the steady 
the development period, 


PERCENT 


> 
Vv 
z 
z 
@ 
« 

3 


~ FLOW COMPRESSOR 
ENTRIFUGAL 


Potyrroric Erriciency or TURBINES FOR TURBOJETS 


4 F ia, ¢ 

The values plotted in the last three curves are for the static 
sea-level military operation. This is really only a small portion 
of the picture. In addition to running at this point the engines 
must operate at partial throttle altitudes and 
speeds. these factors. 
The first effect is somewhat common for all gas-turbine opera- 
tions; the efficiencies fall off as the operation deviates from the 
design point. The extreme changes in altitude and speed from 
sea level to 60,000 ft and from zero to 700 knots is encountered 
only in the aviation field. High speeds at any one altitude yield 
hotter air at an elevated pressure at the diffuser. There are two 
consequences, (a) less fuel may be added and (6) the turbine and 


and at many 


The efficiencies are functions of all of 


nozzle have a different expansion ratio, since the expansion is 
These effects change the operating 
point and as a consequence change the component efficiencies. 
Basically, the compressor and turbine are aerodynamic devices 
and their performance can be explained in terms of the lift and 
drag coefficients of the blades. It is well known from the aero- 
dynamic theories and tests that the lift/drag ratio which can be 
obtained by airfoil sections depends upon a quantity called the 
Reynolds number, the quotient of 
the product of the length times the velocity divided by the 
kinematic viscosity. The lift/drag ratio decreases with a de- 
crease in Reynolds number. As a result, the efficiencies of both 
the compressor and the turbine are reduced when the Reynolds 
number is reduced. Once the engine is designed the chord lengths 


still to ambient pressure. 


a nondimensional number, 


also must have extreme variations. 


FEBRUARY, 1953 
of the blades are fixed, the relative air velocities are nearly the 
same so the Reynolds number is changed appreciably only by 
changes in air density and temperature, the first of thesed@wo hav- 
ing the predominant effect. Increases in velocity at a given alti- 
tude increase the density and as a consequence, the Reynolds 
number, hence tend to improve the efficiency of the compressor 
and turbine. On the other hand, with an increase in altitude the 
density is decreased, producing a decrease in the Reynolds num- 
ber and a corresponding decrease in compressor and turbine effi- 
ciency. The density over the range of current operation changes 
by a factor of 5 to 1. This change may reduce the compressor 
efficiency by as much as 4 or 5 per cent, depending upon the de- 
sign. The turbine is usually affected much less. 

As a result of the wide operating range, the designer must make 
certain compromises which will give the best over-all perform- 
ance. As 
peak efficiency at the point of greatest operation which is at some 
altitude above sea level and at a fairly high speed, say, 500 knots 
at 35,000 ft. 


was indicated earlier, engines should be designed for 


There is now a definite tendency in this direction. 
ComBustTION 


Of the problems which are distinctly unique to aircraft, proba- 
bly the most pronounced is the combustion. Because of the 
extreme ranges of altitude and speed mentioned, the burner has 
to function over a wide deviation of air quantity per unit time. 
‘Since the top temperature is fixed this means that the fuel flow 
The fuel-air ratio must be 
maintained within certain limits. The actual metering of the 
fuel as a function of the air density can be obtained, but to insure 
the combustion of the fuel is a more difficult problem. The 
lower the density, the more significant the time delays, the more 
space for the molecules the less likely the reaction. To make a 
long story short, there is an altitude blowout limit beyond which 
a turbojet cannot operate because the fuel will not burn. This is 
the altitude where the lean and the rich blowout values are equal. 
The problem is even more critical for afterburners. The blowout 
limits are lower because of the higher velocities of flow and lower 
pressures. Fig. 36 illustrates maximum altitudes of operation 
guaranteed by the manufacturers. The actual blowout limits 
may be somewhat higher. The operation limits of the after- 
burners are about 15,000 ft lower than those for the main burner. 

The burner efficiency has been found to be a function of the 
temperature, pressure, fuel-air ratio, 
trance to the combustion chamber. 


and air velocity at the en- 
The magnitude of the effi- 
ciency varies from one combustion chamber to another but the 
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general nature of the curves is the same. A typical example of 
such curves is shown in Fig. 37. In this example the tests were 
not extended up to the rich mixture-blowout limit. Other tests 
do show that above a certain fuel-air ratio the efficiency decreases 
until the rich-blowout limit is reached. In order to illustrate 
more clearly the effect of altitude and speed on burner efficiency, 
the single curve in Fig. 37 for the maximum fuel-air ratio is 
expanded to make a plot in Fig. 38. These contours are given in 
terms of the maximum burner efficiency. Nearly all current 
engines have an efficiency of more than 97 per cent at static sea 
level and this efficiency decreases with altitude, as illustrated, 
until just before the blowout limit where the efficiency in the 
main burner is only about 50 per cent. Increases in velocity 
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offset the adverse effects of altitude so, theoretically, there is 
some flight velocity at any altitude, within the atmosphere, at 
which the burner should work but because of the temperature 
limitations the fuel-air ratio must be reduced as the velocity is 
increased, Thus there is actually a limiting altitude of opera- 
tion which cannot be exceeded at any speed. 

Combustion efficiency alone does not give the true picture of 
the burner operation. Usually, a higher burner efficiency can be 
obtained by introducing more obstructions in the chamber which 
The obstruc- 
tions, however, produce pressure losses, hence affect the cycle. 


will produce more turbulence and better mixing. 


The problem is to design the burner such that the combination of 
pressure losses and burner efficiency will give the optimum engine 
performance. The pressure losses in the combustion chamber 
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vary from 4 to 6 per cent of the total pressure and the losses in 
afterburners are from 10 to 12 per cent of the total pressure. 

Two types of primary burners are in common use today—the 
can and the annular. The can-type combustion chamber gets 
its name from the fact that the burning takes place inside a set of 
cans distributed around the axis of the engine. Each can is a 
separate burner unit in itself. It consists of an inner chamber 
which admits the primary air through swirl vanes near the fuel 
jets or nozzles, and through other perforations near the entrance. 
Other perforations downstream admit the secondary air. The 
burning occurs inside the inner chamber. It is surrounded by an 
outer chamber through which originally both the primary and 
secondary air flow. Gradually, the air between the two chambers 
is reduced in the downstream direction until finally all of the sec- 
ondary air is forced into the inner chamber where the two streams 
are mixed, cooling the primary air down from flame temperature 
to a uniform temperature. The fundamental idea is an outer 
casing carrying cooling air surrounding an inner perforated flame 
tube. A high degree of turbulence and cooling is required. The 
number of cans per engine varies from 6 to 16 and they are inter- 
connected to insure simultaneous operations of all the units. In 
the earlier designs, the flow was reversed so as to save length; 
now the flow is straight through 

The annular combustion chamber as the name implies is com- 
posed of concentric surfaces surrounding the axis of the rotor so 
that perpendicular planar intersections at any point give annuli 
The basic idea is the same as for the can type; there is an inner 
annular chamber in which the fuel and the primary air enter and 
burn. This chamber is surrounded by another annular chamber 
containing secondary cooling air which passes into the flame 
chamber as the gases move toward the burner exit. The location 
of the holes for the entrance of the secondary air is quite critical 
in the design of both types of burners. In both types the pri- 
mary air consists of about 25 per cent of the total air flow. ‘This 
is necessary to insure a high fuel-air ratio in the combustion zone. 

The greatest step forward in improving the combustion effi- 
ciency at high altitudes has been the development of the vaporiz- 
ing combustion chamber, in which the fuel lines are passed 
through a heated section so that the fuel comes out of the nozzles 
in the form of vapor instead of in atomized droplets. 

The greatest single factor in the reduction of the efficiency of 
gas turbines at altitude is the loss in burner efficiency. When a 
correction is made for the increase in fuel resulting from poor 
combustion, the performance of turbojets will almost generalize 
on the principle of similarity of flow for constant Mach number; 
that is, the losses in the compressor and turbine efficiency with 
altitude do not appear to play as prominent a role as that of com- 
bustion. 


CONTROLS 


Another problem which appears to be more critical in aviation 
than in other gas-turbine fields is the controls. The time to 
accelerate from idle to full power must be short. There should be 
only one control lever. It should schedule the operation of the 
engine to give the minimum fuel consumption for the required 
thrust at all altitudes and speeds. For rapid acceleration the 
operating line (steady-state points for various thrusts) must not 
lie too close to the compressor stall line. Yet, the points for the 
best economy lie close to the stail line; hence a compromise must 
be made. 

Most of the current jeta have a fixed-area nozzle, hence have 
only one independent degree of freedom-—fuel flow, or its equiva- 
lent. Thus they cannot operate along the minimum possible 
fuel-consumption curve which is an envelope determined by two 
parameters, 
approximate the best fuel-consumption operation. 


Engines with variable-area nozzles, however, can 
Even then, 
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if the essential independent variables, nozzle area and fuel flow, 
are interrelated so as to have one control lever the envelope can @ CENTRIFUGAL * 
be obtained at only one altitude and speed. Although variable- 7 ™ 
area nozzles were originally of interest from the standpoint of fuel 7 

consumption, they are of tremendous value in reducing the acceler- 
ating time for the engines. Their merit has been recognized al- 
most from the beginning. The German Jumo 004 and the West- 
inghouse 19XB both had variable-area nozzles. Then there was 
a time when the complication of variable area was eliminated. 
Now, it is almost mandatory to have a variable area for engines 
equipped with an afterburner 
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_ Nothing has been said about the development program for 
high-temperature metals. This is no more critical in aviation 
than in other fields. It might even be less critical, for studies 
have shown that for continuous operation of extended duration 
of turbojets the current temperatures are sufficiently high to give Suarr Horserower ror 
the minimum total weight of power plant plus fuel. However, Sua-Lave Musrany Powsn 

with turboprops or with turbojets which are to operate for only 
short durations, elevated temperatures are advantageous. 


RELIABILITY 
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The turbojets have proved to be reliable engines. The time 
between overhauls has increased rapidly over this early operation 
period. Some current engines operate 500 hr between overhauls 


SEPOWER 


COMPARISON OF CENTRIFUGAL- AND AXIAL-COMPRESSOR TURBO- 
JETS 


Iver since the advent of the turbojet the possible advantage 
of the axial-flow compressor for aircraft uses has been recognized. 
Yet, today about two thirds of the actual flight time with jet 
planes has been with centrifugal-type engines. The tables and 
charts herewith clearly point out two disadvantages—the large 
diameter for a given thrust, and the higher specific fuel consump- 
tion. On the other hand, they show two advantages—a shorter 
length and a lighter weight. These two advantages alone would 
not have kept the centrifugal type so prominently in the field. 
However, when they are coupled with the low production cost in 
materials and man-hours, and the rugged construction, it is not 
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they may continue to do so for some time to come. 


Tursborror CHARACTERISTICS 


ar The trends of the fundamental characteristics of the turboprop 
engines are presented in Figs. 39 to 43, inclusive. Although most 
of the first engines were intermediate in size, the more recently 
designed turboprops are very large units. Before the design of 
the larger engines there was a tendency to couple two units to 
one shaft so as to double the power. The multiple units have an 
advantage over a large single unit for cruise operation, where 
one unit supplies enough power for flight, for the specific fuel con- 
sumption is lower the higher the percentage of normal power out- 
put of a unit. 

Fig. 40 shows that there has been an improvement in static 
specific fuel consumption over the few years of development. A 
corresponding improvement has been made at cruise conditions. 
The reductions in fuel consumption are analogous to those for 
turbojets and are derived from similar results. Because of the =” 
desirability of higher compression ratios for turboprops, improve- as pronounced as for the turbojet engines. On the other hand, 
ments in the compressor and turbine efficiencies have a more the increase in power per unit frontal area and unit length have 
significant effect. In the case of turbojets the efficiency of the | shown corresponding increases. 
turbine and compressor are of about equal importance; however, 
in turboprops, improvements of efficiency of the turbine are twice 
as effective as improvements of the efficiency of the compressor. The data in the Tables 1 and 2 and in the graphs for turbojets 

The reduction in specific weight of the turboprops has not been and turboprops are not given in the same units. In the custom- 
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ary manner, the ratings for the turbojet are given in terms of 
pounds of thrust, pounds of fuel per pound of thrust, and pounds 
of thrust per pound of weight; while the rating for the turboprop 
engines are given in terms of the equivalent shaft horsepowe: 
pounds of fuel per equivalent shaft horsepower, and equivalent 
shaft horsepower per pound of engine weight. Hence the values 
cannot be compared directly. 

The tabular values in columns four to eight, inclusive, are based 
upon static condition. A close approximation of the static thrust 
developed by a turboprop is 2.5 times the equivalent shaft horse- 
power. Thus, when comparing the specific fuel consumptions 
with those for turbojets, the values in Table 2 must be divided by 
2.5. The power per unit area and length should be multiplied 
by 2.5. When comparing the specific weights, an additional cor- 
rection term is necessary to account for the weight of the propeller 
which is approximately 0.18 times the shaft horsepower or about 
0.16 times the equivalent shaft horsepower. Thus the specific 
weight of a turboprop in terms of static thrust is given approxi 
mately by the relation 


2.5 * °° 


At the flight velocity of 400 knots the specific fuel consumption 
for the turboprop can be converted approximately into pounds ot 
fuel per hour per pound of thrust by multiplying by 1.40 


Naturally, all of these values could be converted the other way 
and the results expressed in terms of equivalent shaft horsepower. 
When this is done, the values may be compared directly to the 
familiar values employed in deseribing reciprocating 
Typical values in these terms are presented in Table 3 


more 
engines, 


VARIOUS ENGINE TYDPES 

{00 knots at-—— 
Static sea level 35.000 ft 

"+ We Wy 

Type of éngine ESPH (ESPH), ESPH 

Reciprocating engine. ...... : 1. 360 0.42 3 
-Turboprop (current) 56 0.600 0.44 
Turbojet, axial (current). . 1. 050 0.83 0 
Turbojet, centrifugal (current) 0 825 0 90 0 


TABLE 3 COMPARISON OF 


Table 3 brings out some very interesting facts. People usually 
think of the jet engine as a very light power plant. It is for very 
high velocities and altitudes, but at static sea level it is not as 
light as its companion the turboprop in spite of the large propeller 
and gear weights. Both are much lighter than the best of the 
reciprocating engines which run about 1 Ib per shp without the 
The values in the first, second, and fourth columns 
refer to military At maximum power, reciprocating 
engines do not give their best fuel consumptions; as a result, the 
The values in 


propeller. 
pow or. 


turboprop is the best engine on both accounts. 
column three refer to the best cruise power at a speed of 400 knots 
at 35,000 ft. Both of the propellered engines excel here with the 
reciprocating engine having the slight advantage. The numbers 
in column four refer to the maximum power which can be de- 
veloped divided into the total power-plant weight. In order to 
operate, the reciprocating engine must have a supefcharger. 
These figures show the decided weight advantage of the turbojets 
at 400 knots and the difference becomes more pronounced as the 


velocity is increased 
SUMMARY 


The development of gas turbines for aireraft use began in the 
1930's. The first jet engines were built independently by the 
Germans and the English, and in both cases the first engines em- 
ployed for flight were of the centrifugal type. However, the de- 
velopment by the Germans soon shifted to the axial type and 
their first production models were axial. The British, on the 
other hand, were more successful with the centrifugal type and 
their early designs may be called the ancestors of all the current 
centrifugal turbojets which have been greatly improved in both 
Britain and the United States. The Americans and the British 
also have developed several axial-flow engines. 
have Jower specific fuel consumption and smaller frontal area 
than centrifugal-type engines, but have higher specifie weight 
Turboprop development has lagged that of turbojets but at 
These 


These engines 


present there are several good turboprops in operation 
engines show a decided specific-fuel-consumption advantage over 
the turbojets with a weight advantage over the reciprocating 
engines, 

During the short period of development, there has been a trend 
toward higher rated engines, a larger mass flow per frontal area, a 
reduction in specific fuel consumption, lower specific weight, and 
to increased compression ratios with only a slight increase in 
operating temperature. 
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Local heat-transfer coefficients and recovery factors have 
been determined for an elliptic cylinder of 1:4 axis ratio at 
zero and at a 5-deg angle of attack in an air stream. These 
results are presented for Reynolds numbers from 607,000 
to 1,330,000, for which the onstream Mach numbers were 
from 0.20 to 0.53. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


“. = heat capacity of fluid, Btu/(lb deg F) 
= length of major axis of elliptical cylinder, ft 
= acceleration of gravity, 32.2 ft /sec? 
local heat-transfer coefficient Btu /hr sq ft deg F 
conversion factor, 778 ft-lb/Btu 
thermal conductivity of fluid, Btu /(hr sq ft deg F/ft) 
static pressure, psf 
heat-transfer rate, Btu/sq ft hr 
= peripheral distance from leading end of major axis, ft 


surface temperature, deg F 
au 


air stagnation temperature, deg F 
local velocity at edge of boundary layer, fps 


g 
h 
J 
k 


onstream velocity, fps 7 
= kinematic viscosity of the fluid, sq ft per sec 
fluid density, slugs per cu ft 


> 
Dimensionless quantities: 


pressure coefficient (2quation [1 ]}) > 


recovery factor (Equation [2]) 


= Nusselt number 


> 


= Revnolds number 7 


INTRODUCTION 


I-xperimental investigations of the manner in which the local 
rate of heat transfer varies over the surface of a heated body im- 
mersed in a fluid stream have been conducted for a number of body 
shapes. Typical results are those presented for circular eylinders 
(1, 2, 3),# inclined flat plates (4), and airfoils (5), all of which were 
These results are valuable 


examined in low-velocity air streams. 


in terms of a direct design objective, for characterizing the flow 
around the body, and for providing means for checking theoretical 
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methods whereby the distribution of the local heat rate might be 
predicted. 

Further results of this general type are presented in this paper 
for an elliptical cylinder of 1 to 4 axis ratio which was tested in 
an airstream. In these tests, air velocities were sufficiently high 
so that frictional heating was significant, 
evaluation of the tenyperature difference to account for the effect 
of frictional heating is also demonstrated. These present results 
are given for the major axis of the cylinder parallel to the stream 
and at a 5-deg angle of attack, the Reynolds-number range being 
from 607,000 to 1,330,000, with onstream Mach numbers from 
0.20 to 0.53, 


and thus the correct 


APPARATUS 


The elliptical cylinder, of 1:4 axis ratio, had a major axis of 
5.50 in. and a width of 7 in. The cylinder was made of bakelite, 
to which were affixed three and 
0.002 inch thick. 
were spot-welded to the inside surface of the nichrome ribbon to 
indicate the local temperature of the ribbon; under the conditions 
this temperature corresponded to the tem- 
In the '/s-in. space between 


nichrome ribbons 1 inch wide 


Twenty-one iron-constantan thermocouples 


of the experiment, 
perature of the outer ribbon surface. 
the central ribbon and one of the adjacent ribbons there were 
located 21 pressure taps corresponding in location to the thermo- 
This instrumentation was located 
extending 


couples on the central ribbon. 
symmetrically about the 
around the nose and for about 80 per cent of the major (chord) 
axis. At the 80 per cent point the ribbons were attached as 
smoothly as possible to copper bars inlaid into the eylinder sur- 
face in such a way that the electrical heating current passed 
through the three ribbons in series. 

All pressure-tap lines, and all thermocouple 
passed through the interior of the ellipse and out through the 


major axis of the cylinder, 


and heater leads 


hollow mounting bosses of the ellipse. 

Heating current was supplied through a constant-voltage 
transformer and metered by an ammeter of a type insensitive to 
the current wave form 
water manometers and thermocouple responses were meusured 


Pressures were indicated on vertical 


with a potentiometer having a least count of 10 microvolts 

The cylinder was mounted centrally in the 7-in-square throat 
of a heat-transfer wind tunnel. Fig. 1 is a picture of the eyvlinder 
installed in the tunnel with the top of the tunnel removed 

In addition to the measurements associated with the model, 
the upstream air-state temperature and upstream and throat 
static determined. It was known that the ve- 
locity distribution across the tunnel throat was uniform and that 


pressures were 


the temperature of the approach air stream was uniform to +'/, 
deg F across the flow cross section. The turbulence level of the 
tunnel was unknown but the present and prior test results indi- 


cate that the level was not high. 


PROCEDURE 

A test at one air speed and one angle of attack involved the 
measurement of all local static pressures and of ribbon tempera- 
35 
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tures under steady-state conditions with and without heating 
current the 
pressure coefficient, recovery factor, and heat-transfer coefh- 


These measurements enabled the evaluation of 


cient at each of instrumented points on the cylinder surface 
The pressure coefficient was evaluated from the definition 


Subscript a refers to free-stream conditions taken at a point 3 
in. upstream of the leading edge of the model. Because of 
tunnel-wall interference, which becomes more severe as the com- 
pressibility effects increase, the pressure coefficients given by the 
application of Equation [1] to the test data are not universal but 
apply only for the relative model thickness and tunnel height 
typical of the conditions of the test. 

Recovery factors were evaluated from the data for unheated 


operation from the definition 


gy 


a In this evaluation quantity (7 7) was taken as the meas- 
ured difference between atagnation and wall temperatures, and 
the local velocity U, was determined from the local static pres- 
sure and the assumption of reversible flow in the region external 
to the boundary layer. 

Data for the heated runs enabled the evaluation of the local 


heat-transfer coefficient-from the definition 


) r) 

The local heat rate g, constant over the ribbon surface be- 
cause of the electrical resistance heating, was evaluated from the 
observed current and separately determined ribbon resistance. 

Heat transfer by radiation and by conduction along the rib- 
bons and within the model affect the recovery factor and heat- 


Caleu- 
lation of the rate of radiant heat transfer, based on a measured 
emissivity of the nbbon, revealed a negligible effect on both the 
Conduction ef- 
fects depend in relative magnitude on the variation in model tem- 
perature and should thus have been negligibly small in the un- 
heated tests from which the recovery factors were determined. 
With heating, the temperature variation was significant and 
Attempts to 
analyze the error so induced were largely unsuccessful but tended 


transfer coefficient as defined by Equations [1] and [2]. 


recovery factor and heat-transfer coefficient. 


conduction effects may have been. significant. 


to indicate this error to be relatively small 

Duta were taken at zero angle of attack with the ribbons cover- 
ing the region S/D < 0.80, the “forward” position, and with the 
ribbons covering the region S/D > 0.30, the “reversed” position. 
Data tuken in the reversed position yielded a check for the 
forward values for 0.30 < S/D < 0.80 as well as values for the 
region O80 < S/D < 1.08. The suitability of these reversed 
data for comparison with the forward data was affected by the 
unheated starting-length effect for heat-transfer observations in 
the region ot S/D = 0.3, and the slight surface discontinuity 
at the point of juneture of the ribbons and the bar in the surface of 
the cylinder. The disturbance produced by even a slight dis- 
continuity apparently did affect the boundary-layer transition 
point. 

Data were obtained also at angles of attack of +5 deg and 5 
By means of a suitable combination of results for the upper 
und lower surfaces the results calculated from these data are pre- 
sented for an effective angle of attack of +5 deg. 

The position of the cylinder was established in terms of static 
pressure magnitudes. Thus the zero angle of attack was estab- 
lished by securing the same pressure distribution on top and bot- 
tom surfaces, while the 5-deg angle of attack was secured repeti- 
tively by duplicating a selected difference between a pair of pres- 
sure taps between the upper and lower surfaces. 

Table 1 summarizes the range of variables covered by the ex- 
periments. All physical properties involved in the evaluation 
of these and other results and magnitudes were evaluated at the 
stagnation state unless otherwise indicated. 

Analysis of the aggregate possible error in the heat-transfer 
coefficient produced by instrument errors as estimated on the 
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TABLE 1 


Reynolds number 
Onstream velocity, fps 
Stagnation pressure, psi... 14.7 
Stagnation temperature, deg | 75 to 80 
Onstream Mach number 0.20 to 0 53 
Temperature difference, surface to stagnation, deg 15 to 25 
Difference be +3 n stagnation and adiabatic wall tem- 
perature, deg I 
Local Mach numbers 


VARIABLES COVERED BY EXPERIMENTS 


607000 to 1330000 
26 to 580 


0.5to 10 
0 20 to 0.95 


instrument least count indicates the maximum error of mensu- 
ration to be of the order of 4 per cent, . . 


RESULTS 
rhe test results are given in terms of the pressure coefficient, 
the recovery factor, and the local heat-transfer coefficient, the 
latter being expressed in terms of the ratio of a Nusselt number to 


the square root of the onstream Reynolds number. 
tities are presented in terms of the peripheral distance from the 


These quan- 


forward end of the major axis of the cylinder, which distance 
corresponds to the peripheral distance from the stagnation point 
at zero angle of attack. The individual results obtained from all 


the instrumented points are so numerous as to be incompatible 
with a compact presentation of the data so that there are pre- 
sented only mean curves for the various runs 
solid lines these curves represent all the results within about +3 
per cent, 


Where shown as 


and the use of dashed lines indicates either that only 
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or s/D 

Fic. 2) Resurts ror CyLinper at Zero ANGLE OF ATTACK 

(Reynolds numbers: a, 607,000; 6, 930,000; c, 714,000; d, 806,000; e, 
1,330,000.) 


1/2 
Stagnation point values of quantity AD 
D k 
a,2 50 2.65 a, 2.39 
6, 2.67 d,2.7i 


The Karman-Tsien correction has been applied to the pressure coefficients 
"?# shown for the run at a Reynolds number of 1,330,000.) 


AL HEAT-TRANSFER COEFFICIENTS ON SURFACE 


OF ELLIPTIC AL 


one set of measurements formed the basis of the curve or that the 
consistency of the results was poorer. 

Fig. 2 reveals the results for zero angle of attack, with the 
major axis of the cylinder parallel to the onstream flow. Erratic 
results were obtained consistently for the heat-transfer coeffi- 
cient, and to some extent for the recovery factor, in the region 
of S/D = 0.50. The dashed lines on the plot of the heat-transfer 
coefficient reveal the limits of the results obtained in this region 
An irregularity occurs also in the pressure coefficient in this re- 
gion but the reason for the scatter of results isunknown, Except 
for the lowest Reynolds numbers, the heat-transfer coefficient is 
not represented for the entire cylinder surface because of the in- 
ferior consistency of some of the results for the reversed runs. At 
the higher velocity, reversed runs on one side of the ellipse pro- 
duced data indicating completely turbulent flow, the rapid transi- 
tion probably being due to some irregularity at the juncture of 
Higher 
recovery factors also gave evidence of the turbulent character of 


the ribbons and the copper bar in the cylinder surface 
the boundary layer. These results were not employed for the 
final evaluation of the data leading to Fig. 2, and the one set of 
> 0.80 did not appear to 
justify continuation of the curves for the results in all the cases 


results remaining for the region S/D 


Fig. 3 contains the results for the under side of the eylinder at 
a 5-deg angle of attack, with the representation of the results being 
attack 
As previously noted, these results are composed from test data 
for the under side at a 
ata —5-deg angle of attack, so that the curves shown are based 


the same as that employed for the case of zero angle of 


{+-5-deg angle of attack and the upper side 
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on at least two measurements at each instrumentation point. 
The general characteristics of the representation, in regard to 
erratic results near S/D = 0.50, and incomplete results in the 
rearward portion of the cylinder, are the same as for the case of 
zero angle of attack. 

Fig. 4 reveals results for the under side of the cylinder at a 5- 
deg angle of attack, at a Reynolds number of 720,000. Individ- 
ual experimental results are shown in this figure to illustrate the 
typical distribution of the results and reveal the basis upon which 
the mean-value curves appearing on the other figures were deter- 
mined. 


- 


| 
02 o6 0.8 1.0 


s/0 
- () Operation, forward at —5 deg angle of attack 
A. Operation, forward at +5 deg angle of attack pe 
x Operation, reversed at +5 deg angle of attack 


Hear-Transrer Coerricients ror UNdeR Sipe or CyLin- 
per at +5 Deo ANGLE or ATTack aT ReyNo_tps Number or 720,000 
- (Estimated location of stagnation point, 8/D = 0.037.) 


Fig. 5 contains the results for the upper side of the cylinder at 
a 5-deg angle of attack, composed of results from the +5-deg 
and —-5-deg operation as are the results in Fig. 4. This repre- 
sentation differs from the previous two in that the individual re- 
sulis are shown for the recovery factor for this case. This has 
been done because of the definite turbulent-flow regime which 
appears, and the good correlation between the transition from 
laminar flow and the departure of the recovery-factor magnitudes 
from values typical of laminar flow. 

With the cylinder oriented at a 5-deg angle of attack, the stag- 
nation point was not located at an instrumented point. The 
location of the stagnation point for these cases was determined 
from theoretical considerations, 


Discussion 
The general characteristics of the local heat-transfer coefficient 
and the recovery factor are similar for the cylinder at zero angle 
of attack and for the under side of the eylinder at the 5-deg angle of 


attack. 
immediately downstream from the stagnation point, a short 


A region of laminar boundary-layer flow is revealed 


region of uncertainty exists near S/D = 0.5, and this is followed 
by an apparent continuation of the laminar boundary-layer 
flow. Hither transition or separation then occurs. 

The laminar boundary-layer flow is best confirmed by the 
correlation of the heat-transfer coefficient with the group 


AD (2° 

k v 
which correlation is indicated from analytical considerations for 
laminar boundary-layer flow (6). Despite the small discrepancy 


in the mean lines for the various Reynolds numbers the cor- 
relation achieved is quite satisfactory, since the ratio of maxi- 
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© Operation at +5 deg angle of attack 


x Operation at —5 deg angle of attack 


Fic.5 ror Sipe or Cyiinper at A +5 Dec ANGLE 
or ATTACK 


(Reynolds numbers: a, 720,000; 6, 780,000; ¢,915,000. Estimated loca- 
tion of stagnation point, = —-0.037.) 


mum to minimum heat-transfer coefficient at any point was 1.4 
in the range of velocities tested. Recovery-factor magnitudes 
also contribute to this conclusion, since they are near the value 
of the square root of the Prandtl number which approximates 
the recovery factor for laminar boundary-layer flow on a flat 
plate. The theoretical values of the recovery factor for flows with 
variable free-stream velocities are also near this value. 

While the character of the variation of free-stream velocity 
should affect the local heat-transfer coefficient, the heat-transfer 
coefficient in the laminar-flow region has similar magnitudes of 
the same distance from the stagnation point in Figs. 2, 4, and 5. 
In this regard, the general character of the pressure coefficient is 
similar in all cases and the changes that did occur might not have 
been great enough to affect the heat-transfer coefficient signifi- 
cantly. In the case of the run at a Reynolds number of 1,330,- 
000, a substantial change, due primarily to compressibility, did 
occur. In this case compressibility effects also may have con- 
tributed to the invariability of the heat-transfer coefficient with 
respect to the runs at lower Reynolds numbers. 

In tae region of S/D = 0.5, higher heat-transfer coefficients 
were usually obtained, as indicated in Figs. 2, 3, and 4. An 
irregularity also appears in the pressure coefficient for this point. 
This is of unknown cause. No reason existed for questioning 
the instrumentation at this point and there was insufficient in- 
strumentation in the locality of the irregularity to provide the 
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detailed information needed for complete rationalization of the 
phenomenon. A local flow instability is a possible explanation, 
but no complete evidence is available for it. At values of S/D > 
0.60, the heat-transfer coefficients again follow the original trend 
of the data. <A beginning of transition is indicated, but the re- 
covery factors, in general, do not indicate the development of a 
completely turbulent flow. The run at the lowest Reynolds 
number appears to indicate separation rather than transition, 
and the recovery factor is substantially reduced in the region 
downstream of the separation point 

The results for the upper side of the ellipse at a 5-deg angle 
of attack reveal somewhat different characteristics in the demon- 
stration of laminar, transition, and turbulent boundary-layer 
flow. Because of the rapid acceleration at the stagnation point 
no details are available for this region; however, the first in- 
strumentation point, at the end of the major axis, gives a heat- 
transfer coefficient as high as the maximum value obtained with 
zero angle of attack. The boundary layer remains laminar for a 
relatively short time, transition to turbulence occurring rather 
early, probably because of the greater instability of the deceler- 
ated flow. 
covery-factor measurements and the heat-transfer coefficient 


Excellent correspondence exists between the re- 


measurements, with the recovery factor attaining a value of ap- 
proximately the cube root of the Prandtl number as soon as the 
boundary layer appears to become turbulent. The differences 
in the transition point for the two sides of the ellipse tested may 
be due to some undetected difference in the surface condition 
of the model. 
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E.R. G. Eexerr.* 
will be weleomed by those interested in convective laminar and 
turbulent heat transfer in boundary-layer-type flow. The re- 
sults should be useful in checking available calculation procedures 
especially in so far as the influence of a temperature variation 


The paper constitutes a contribution which 


along the surface and of frictional heating on heat transfer is con- 
cerned, For an investigation of the influence of a pressure 
variation along the surface the experiments are less suited since 


the large axis ratio of the ellipse used makes conditions over the 
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major part of the surface quite similar to those on a flat plate. 
It will be interesting to check how well the surface temperatures, 
calculated with available heat-transfer coefficients obtained from 
low-velocity relationships, together with adiabatic wall tem- 
peratures obtained on the unheated cylinder with low heat con- 
ductivity, agree with measured surface temperatures. 

Remarkable are the low values of the recovery factor measured 
on the rear part of the cylinder surface and presented in Fig. 3 of 
the paper. Such low values on surfaces in separated flow regions 
were first observed by Eckert and Weise on circular cylinders and 
have been investigated recently and extensively by L. F. Ryan! 
Obviously, they are connected with vortex-type flow. 

A.N. Tirvorp.® Because of wall interference, compounded by 
compressibility effects, the experimental data presented in the 
paper are not correct for the general case of an elliptical cylinder 
of 1:4 axis ratio. Rather, the data are valuable, as indicated in 
the Introduction, primarily for providing a check on theoretical 
methods of prediction of the distribution of the local heat-transfer 
However, the paper itself makes no more than a qualitative 
For this reason it is 


rate, 
comparison of theory and experiment. 
found to be incomplete. The fact that similar experimental 
data have been presented in the past without a detailed com- 
parison with theory does not justify all future papers being in kind. 
After all, it has been only within the past few years that relatively 
precise theoretical methods of heat-transfer calculation (at least 
for the laminar boundary layer) have become available. 

Essentially, two separate experimental studies have been re- 
ported: (a) The variation of the recovery factor on the surface 
of an unheated elliptic cylinder, and (6) the temperature distri- 
bution on the surface of an elliptic eylinder when the heating rate 
per unit surface area is held constant. On the basis of these data, 
the Nusselt-number variations along the surface have been given, 
In this presentation the heat-transfer coefficient has been based 
on the local temperature difference between the insulated cylinder 
surface and the heated cylinder surface. Contrary to the infer- 
ence of the paper, however, there is nothing uniquely correct 
about this method of accounting for the effect of frictional heating. 
What does particularly recommend it is the lack of a significant 
pressure-gradient effect on the frictional heating factor. Com- 
putational studies—as well as the present data —have shown that 
Pohlhausen’s square-root rule satisfactorily specifies the insu- 
lated-surface temperature in the laminar-flow region regardless 
of surface pressure-gradient conditions, 

The relative invariability of the heat-transfer-coefficient dis- 
tribution slong the surface with changes in angle of attack and 
compressibility is primarily due to the constant surface-heating 
rate imposed, Any relative change in the operating conditions at 
a point on the surface tends to change the local heat-transfer 
coefficient and the local surface temperature in compensating 
Thus a much smaller than expected change in local 
For example, if the relative 


directions. 
heat-transfer coefficient occurs, 
local velocity at a particular point increases, the local heat-transfer 
coefficient thereby tends also to increase. Since the heating rate 
is held constant, the local surface temperature must decrease. 
This decrease in local surface temperature, as compared with the 
surface just ahead, introduces thermal gradients in the boundary 
layer which tend to decrease the local heat-transfer coefficient, 
and so on. (Of course, an equilibrium condition normally is 
rapidly established.) 


' “Experiments on Aerodynamic Cooling,” by L. F. Ryan, Mittei- 
lung Institut Aerodynamik, Fidgen. Technische Hochschule, Zu- 
rich, Switzerland 1951, pp. 7-52 
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Two things are to be learned from the foregoing: (1) For the 
most precise check by means of the present data of general 
theoretical methods of calculation of heat transfer for noniso- 
thermal surfaces, the surface-heating rate should be calculated on 
the basis of the measured surface temperature distribution and 
then compared with the actual heating rate; and (2) inherently 
less precise methods of heat-iransfer calculation are satisfactory 
for surfaces subjected to a constant surface heating rate. 

In summary, some very interesting experimental data have 
been presented but their analysis seems rather incomplete 


CLosurRE 


Phe utilization of the results for comparison with methods for 
predicting local heat-transfer coefficients has been noted in the 
paper and called for by one of the discussions. For the region in 
which the boundary layer is laminar, Eckert? has reviewed a num- 
ber of methods and has presented a method simple enough to be 
of utility and applicable in the case of isothermal surfaces. Se- 
ban® has presented a similar method, modified to account for varia- 
ble surface temperature, the modification being approximate 
and inducing some further uncertainty into the results. That 
method, when applied for the experimental velocity distribution 
over the elliptic cylinder and for the case of constant heat rate 
that obtained in the experiments, yielded the results shown in 
Fig. 6 of this closure for the laminar flow region in the three alti- 
tudes of the model presented in Figs. 2,3, and 5 of the paper. As 
in those figures, the stagnation region is eliminated in favor of « 
larger ordinate scale. 

The comparison between prediction and experiment is favora- 
ble, although the discrepancy is as much as 20 per cent in some 
regions. At the stagnation point, not shown in the figure, the 
heat-transfer coefficient: predicted from the theoretical velocity 
distribution is always lower than that measured, the difference 
again not exceeding 20 per cent. Far from this region, at about 
1.2 < S/D < 08 for the results in Figs. 2 and 3, the free-stream 
velocity becomes almost uniform and Dr. Eckert has noted that 
the “flat-plate’’ equations might be applicable there. [If used, 
they yield results about 10 per cent lower than the more elaborate 
prediction and this indicates their utility provided the pressure 
gradient is small. The comparison of the measured values and 
those predicted by accounting for and by ignoring the variation 
of pressure indicate that the theory does not account sufficiently 
for either the effeet of pressure variation or for the surface-tem- 
perature variation, 

The rapid decrease in the recovery factor in the rear region of 
the eylinder, evident in Fig. 3, does not appear consistently with 
equal Reynolds numbers, and was more evident in the runs shown 
in Fig. 3 than in those shown in Fig. 2. This has not been found 


? Refer to (6) of the authors’ Bibliography. 

**Caleulation Method for Two Dimensional Laminar Boundary 
Layers With Arbitrary Free Stream Velocity Variation and Arbitrary 
Wall Temperature Variation,” by R. A. Seban, University of Califor- 
nia, Institute of Engineering Research No. 12, Series 2, 1950 
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in experiments on a 1:3 elliptie cylinder, and may depend on 
attaining some appropriate type of flow in the wake region imme- 
diately adjacent to the cylinder. 

It isrecognized that different bases can be chosen for the tempera- 
ture difference used in the evaluation of the heat-transfer coefficient, 
but the present method is consistent, as noted by Dr. Tifford, with 
the values of the recovery factor deduced by the adiabatie wall- 
temperature measurements, This is a sufficient argument for the 
elimination of other methods which yield heat-transfer coefficients 
which would refer to a different kind of surface-temperature dis- 
tribution and yet not clearly specify a recovery factor. 

There seem to be no grounds for considering the constant heat- 
rate surface condition to give a more invariable heat-transfer 
coefficient than would be the case with an isothermal wall. For 
the theoretical wedge flows, the variability of the heat-transfer 
coefficients with distance along the wall is the same for constant 
surface temperature and for constant heat rate. For the elliptic 
evlinder, since both cases coincide at the stagnation point, there is 
a slightly greater variation predicted for the isothermal case, but 
the relative difference between the constant heat-rate and con- 
stant wall-temperature cases is small. 
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Torsional Vibr 


= 4. 
ation Notes With Solution 


an Untuned Viscous Damper and Flexible 


s tor 


~ Coupling With Nonlinear Elasticity 
ewe 


By F. P. 


Several special relations are derived that may be used to 
simplify the solution of certain phases of the torsional 
A solution is described for the vibra- 
Nu- 


merical values are given for the nonlinear elasticity of the 


vibration problem. 
tion of a system with an untuned viscous damper. 
Falk-Bibby type couplings. These values are rearranged 
into a form suitable for calculating undamped resonance 


curves of an engine installation which includes one of 


these couplings. An approximate solution for the re- 
sulting vibration is described and illustrated by calcula- 
tion. 


A 


of the problem. 


INTRODUCTION 


DETAILED examination of the methods used in the com- 
putations for torsional vibration reveals several impor- 
tant characteristics that are useful in solving certain phases 
For example, the undamped foreed-vibration 
amplitude at the first mass of a concentrated-mass system may 
be obtained from the calculations of a standard Holzer table which 
is started at the end mass and carried through to the first mass. 
This amplitude, assuming that all the applied harmonic torques 
or impulses are equal, is the negative product of one impulse 
times the sum of the amplitudes at the impulses in the Holzer 
table divided by the residual torque of the table. 

Another characteristic is that /.,6'0" is constant for any section 
In this relation Tes is the equivalent mertia factor 
for the whole system at some section and @’ and @” are the ampli- 


of the system. 


tudes at this section for assigned values of the amplitudes at the 
first and last masses, respectively. A special case of this rela- 
tion shows that the residual torque of a Holzer table which is 
started at the first mass and carried through to the end mass is 
equal to the residual torque of a Holzer table at the same fre- 
queney which is started at the end mass and carried through to 
the first mass. 

Other important points are as follows: The undamped forced 
vibration of a system acted on by a number of harmonic im- 
pulses may be obtained at any section from the motion of an 
equivalent mass with inertia factor Jeg at that section acted on by 
an equivalent impulse. Furthermore, the effeet at some section 
of the masses and impulses on one side of this section is the same 
as that of an equivalent mass acted on by an equivalent impulse. 

These characteristics are derived in this paper and are applied 
to several examples to illustrate their usefulness. A solution is 
given for a system with an untuned viscous damper, which solu- 
tion becomes relatively simple when using an equivalent mass 
for the whole system with this mass acted on by an equivalent im- 
pulse, 


' Engineering Department, American Lecomotive Compaay. 

Contributed by the Oil and Gas Power Division and presented at 
the Oil and Gas Power Conference, Buffalo, N. Y., June 23-27. 1952, 
of Tue AMERICAN Society of MecHanicat ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASM Headquarters, April 
29,1952. Paper No. 52 OGP-7. 
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aft 

Finally, the vibration of a system with a flexible coupling hav- 
ing nonlinear elasticity is considered. The whole system is re- 
duced to two equivalent masses, one at each hub of the coupling 
where one of the masses is acted on by an equivalent impulse, 
An approximate solution is made by using in place of the coupling 
torque its first harmonic for a harmonic variation of the ampli- 
tudes between the hubs. 


TorRQur-SUMMATION Merruop 


The equivalent system consists of a number of concentrated 
masses with polar inertia factors 7, Ib-in. sec? connected 
along an axis of oscillation by a number of weightless shafts with 
stiffness factors Ce, The whole 
system is assumed to vibrate torsionally at the same frequency 
with amplitudes . . . @, radians and frequeney constant 
p = 2mn where n is in vibrations per second. 
the simple harmonic motion of J; is —-/,p?4,. 
first shaft is C\(@, 6). These two values of torque must be 


equal for equilibrium, so that 


Ib-in. per radian. 


The torque due to 
The torque in the 


(0, 


If @, is assigned equal to unity and the corresponding values of @ 
for the other masses are indicated by @ 
c, 


0,’ = 


The torque in the second shaft due to the first two masses when 


6, Thus 


is which is equal to 


+ 


C2 


0,’ = 0,’ 


1 ly e 


Proceeding in this way to the rth shaft 


0,4,’ = 0 . 
( 


The total inertia torque for all the masses at the end of the system 
is which is zero for a’ natural frequency of the 


system. 
This is the basis of the torque-summation method of calcula- 
tion which may be carried out by the well-known Holzer table, 


The end value of the torque in the Holzer table is 8 1 pO,’ which 


is called the ‘residual torque’’ in this paper. 


The calculation may be started at the end mass. In this case 


If 6, is assigned equal to unity and the corresponding values of the 
other masses are indicated by 6” 
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The torque in the next to the last shaft when 6, = 1 is —/,.p?0,41" 
—I ,p* which is equal to C,.(0,2” — 6.."). Thus 


+ 
C, 2 


Proceeding in this way to the rth shaft 


The total inertia torque for the whole system at the first mass is 


1 
- z. I,p*0,” which is zero for a natural frequency of the system. 


1 
The residual torque of the Holzer table in this case is > 1 ,p?0,". 
The calculation may be made from each end up to the rth mass. 
The total inertia torque for the whole system at this mass for 6, = 
1 is 


r r+l 
1 

— 


r 

6,’ 6," 0,’ 


which are zero for a natural frequency of the system. 


Repuction Mretuop 


(a) Concentrated-Mass System. The same equivalent system 
as defined in the previous section will be considered first. 

If a concentrated mass with inertia factor J,’ is assumed to be 
placed at the end of the first shaft to give the same torque at this 
section as that due to J, 


= 0,') = 


Thus 


= 


If Jn’ is added to J, giving le’ = In’ + Is a new inertia factor 
Tn’ may be placed at the end of the second shaft to give the same 
This may be repeated 


In’ 


C; 


6,’ 


torque at this section as that due to I’. 
any number of times giving for end of the rth shaft 
! 
C, 


| I,’ + | 


and 


The equivalent inertia factor for the whole system at the end is 
Toe’ = Tue’ + 1, which is zero for natural frequency of the sys- 
tem. 

This is the basis of an inertia-summation method of calculation 
which the writer has called the reduction method.?— The terms 
11,’ or Io.e4,:’ are inertia factors for concentrated masses at the 
end of the rth shaft or beginning of the r + 1 shaft, respec- 
tively, which give the same value of inertia torque at these sec- 
tions as result from the simple harmonic motion of all the masses 
from the beginning up to these sections. J,’ and Jo,,4:' are 
called inertia tactors reduced (rom the begirning. 

The same type of calculation may be started at the end mass 
and in this case the reduced inertia factors are indicated by a 
double prime mark. For example, if a concentrated mass Jo,.-:" is 


?*E valuation of Effects of Torsional Vibration,"’ SAK, War Engi- 
neering Board, 1045, p. 157. 


assumed placed at the beginning of the last shaft to give the same 
torque at this section as that due to /, 


A 
( e i(6,-1” 


6,") 


—Iee-1 "pO, 


Tf is added to giving Ije-2” = Loe.” + I,-1 a new in- 
ertia factor [,.-2” may be placed at the beginning of the next to 
last shaft to give the same torque at this section as that due to 
I,,.-2". This may be repeated any number of times giving for the 
section at the beginning of the rth shaft 

O41” 

~ 


Cc, 


= +1 


and 


The total equivalent inertia factor for the whole system reduced 
from the end to the beginning is Ij” = J.” + J; which is zero for 
a natural frequency of the system. 

The calculation may be made from each end up to the rth mass. 
The total inertia factor for the whole system at this mass is 


Tear = + = Tor’ + Ter” 
which is zero for a natural frequency of the system. 

(b) Including Distributed Mass in Equivalent System. In the 
reduction method when one or more of the shafts or ‘‘steps’’ of 
the equivalent system is considered to have both uniformly dis- 
tributed mass and elasticity, the inertia factors of all concen- 
trated masses, which are assumed to occur only between the steps 
of the system, are given two subscripts. For example, the inertia 
factor between shafts r and r + 1 is indicated by J/,,,4;. An in- 
ertia factor with a single subseript such as J, is the total inertia 
for the distributed mass of shaft r. Also, the amplitudes of the 
concentrated masses are indicated by double subscripts so that the 
amplitude of is or 

Formulas for reduced inertia factor and amplitude at any point 
z from the beginning of the rth step with length l which has both 
mass and elasticity are as follows: No subscripts are needed on x 
and I since they refer to the same step as indicated by the sub- 
script of @. 
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tan Y, 
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= a,’ cos (on + v') 


= a,” cos + ") 
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The values obtained in a Holzer table may be used to compute 
In the calculations starting at the beginning 


| r 
= 
l 


values of I’ and 1”, 
of the system 


Lo,’ p76,’ 


= 1 ,p?6,' 
1 
so that 


1 


and 


Similarly, in the calculation starting at the end of the system 


r+l 


r 


so that 
r 
1,p"0," 


- 
p*6,” 


” e 


I,” = - and 


ye,” 


The values of the amplitudes at the masses for a concentrated- 
mass equivalent system as obtained by the reduction method may 


be expressed as follows 

6,’ 6,’ 4 

1 cee 
6,’ 


af 
- = 6,’ 


6,’ 


4 0," ll 


Calculations in a Holzer table are illustrated in Table 1. 
the upper one gives the calculations 


( 
\ C; ) 
Two 
Holzer tables are shown; 
when starting at the first mass, and the lower one gives the cal- 
culations when starting at the last mass. Columns 8, 9, and 10 
are added to show the values of J’ and J” as obtained from the 
Holzer tables. 

Calculations for the same system by the reduction method are 
given in Table 2. Two t:bles of calculations are shown, the 
upper one when starting at the first mass aad the lower one when 
starting at the last mass. Columns 8, 9, and 10 are added to show 
the values of 6’, 0", and as obtained from the 
culations by the The results obtained 
from the caleulations in the Holze 
method are seen to be the same, 


reduction method. 
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DERIVATION OF RELATION [.,6'0" = Const 


sdf the whole system at a given frequency is reduced to the two- 


mass system shown in Fig. 1 


Tear = Loe’ + Tor” = Tor’ 


Similarly 


Equating the two equals, gives 


Ti," p? 
(1 
C, 


Tears 
Therefore, since r is any number from 1 toe 
0," = const 
at a given frequency for any value of r. 
Table 3 shows the results of applying this constant relationship 
to the numerical values in Table 1 or Table 2. 


If the foregoing constant is compared at the first and last 
masses 


| 0,” = Teai 6,'0," 
Since 6,” = 1 and 0,’ = 1 in the Holzer tables 


= 6,” 
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Forcep VIBRATION AND EQUIVALEN! 
TorRQUE 


aa 


= T 19” = 
, The amplitude of oscillation of a concentrated mass with inertia 


factor 7 acted on by a torque m cos pt is given by 


e 1 
- we a ied Therefore, if the whole system is reduced to an equivalent in- 


ertia Jeg, at the ith mass, the forced vibration amplitude 8, due to 
a torque m, cos pt applied to this mass is 


The amplitude of any other mass r is 


it follows that 
= m 


This shows that the last value of X/p?0 in the Holzer table or the 
residual torque is the same at a given frequency regardless of 
whether the calculation is started at the first mass or the last mass. 
This is illustrated in Table 1 where the residual torque when 
starting the calculation at the first mass is 177.723 x 10° and 
when starting the calculation at the last mass it is 177.724 & 10°. 
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6” ’ This shows that the forced vibration amplitude of the rth mass 
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6,’ 
6 = Tear 6." 


or in the system where the ith mass is acted on by an applied torque 
m, ©os pt is the amplitude of oscillation of the equivalent mass 
with inertia factor [eq, acted on by an equivalent applied torque 


Meg COS pt where 
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Furthermore, the system from the last mass back to the rth mass 
where r is less than 7 may be considered reduced to an equivalent 
inertia factor /,” at this position acted on by an equivalent applied 
torque 


m6," 
( = Mea”) 


0," 


Mear = 


Also, the system from the first mass up to the rth mass where r is 


greater than ¢ may be considered reduced to an equivalent inertia 
factor J,’ at this position acted on by an equivalent applied torque 


Meqr = 6 (= mear’) 
The torque in the rth shaft may be written 
M, = 6,) 
= - = ‘pt 
= pO, + mear Lie" + Mears i—1 
= = 11,"p"0,, 
r ar r r+ eartl i 4 
If a number of torques with the same frequency given by m, cos 
(pt — y,) are applied at several masses with numbers indicated by 


; t the equivalent applied torque at any mass between the first 
masa and the first applied torque is meg, cos( pt — W") where 
~m,0," 
Mear = pe (r < 
= + VA")? + (B") 
A” = Ym,O," sin 
B" = Xm,0," cos 


sin 


cos = 


B” 


B" 


=m,0," 


tan 


=m,); ” 


The equivalent applied torque at any mass between the last ap- 


plied torque and last mass is Meg, cos (pt — ~') where 
Meqr = 0,’ (r > i) 


= +V(A')* + 
A’ = Ym,6,' sin 


B’ = Ym,0;' cos 


A’ RB’ 
sin ’ 


tan y’ cos y’ = 


The equivalent applied torque at any mass p between the applied 
torques is Meg, cos (pt — Cy) and the torque in the pth shaft is 
cos (pt — SW) where 
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The amplitude of any other mass s between the first mass and 


the first applied torque is 


The amplitude of any other mass s between the last mass and the 


last applied torque is 


6, = 8, (r and s < 7) 
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the expression for amplitude may be written 
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These expressions show that the amplitude for any mass between 
the first mass and first applied torque or the last applied torque 
and last mass may be obtained from the values computed in a 
standard Holzer table. The amplitude for any 
the applied torques may be obtained by combining these expres- 
sions. 
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This shows that the foreed vibration amplitude of the first mass 
is —Dm,6," divided by the residual torque where 0,” and residual 
torque are obtained from a Holzer table that starts from the last 
mass. Also, that the forced vibration amplitude of the last mass 
is m6,’ divided by the residual torque where 6,’ and the 
residual torque are obtained from a Holzer table that starts from 
the first mass. 

To illustrate these results numerically, the foreed-vibration 
amplitude at the first and last mass of the system will be caleu- 
lated from the values computed in Table 1 for the 6 order major 
vibration. The applied torques in this case are all equal to 34911 

Ib-in. and occur at masses 2 to 7, inclusive. 
From Table 1, starting at the last mass, 20” for the masses 2 to 
29.74253. Therefore 


7, inclusive = 

34911 X 29.74233 

= = 0.0058424 radians = 0.33475 deg 
177.724 10° 


Also from Table 1, starting at the first mass, 20’ for the masses 2 


to 7, inclusive = 4.53227. Therefore 
34911 & 4.53227 

6, = ~ = 
177.724 108 


0.0608903 radians = —).05101 deg 
These amplitudes are the same as those given in the previous 
reference, where the calculations were considerably more lengthy 
since they were arranged to obtain the amplitudes of all the 
Masses, 

In a multicylinder engine with N equal cylinders firing at equal 
crank angles, the phase angles y, in the expression m cos (pt — 
¥,) for a harmonic component of the torque at any cylinder rela- 
tive to the harmonic m cos pt for the first eylinder are 


(N — 360 


360 2u 360 
N 


N 
for successively firing cylinders. The harmonic number yz indi- 
cates the number of complete waves of the harmonic per cycle of 
the engine. Order number is defined as the number of complete 
waves per revolution of the engine shaft and is mw for a 2-cycle en- 
gine and yw/2 for a 4-cycle engine. The term ‘“‘major’’ vibration 
refers to the vibrations that have u/N an integer, so that the 
All of 


the other harmonies of the vibration are called ‘‘minor’’ vibra- 


phase angles in this case are all integral multiples of 360. 


tions. 

To illustrate the calculation for a minor vibration, the ampli- 
tude at the first mass for the 6'/2 order will be computed from 
the values in Table 1. The engine is a 6-cylinder, 4-cycle engine 
with a firing order of 142635. The cylinders are at masses 2 to 
7, inclusive. 

The 6'/, order applied torque at each cylinder is 26153 Ib-in. 
The phase angles for successively firing cylinders are 

0 13 360) 2 13 360 5 & 13 X 360 
6’ 6 6 
which are equivalent to 
0, 60, 120, 180, 240, 300 
These are the phase angles of the 6'/, order applied torques at the 
cylinders taken in sequence of the firing order. 
when using the mass numbers is 253746 so that 


0,” sin = 


This sequence 


4.68547 sin 60 — 6.67624 sin 120 1.92777 sin 
180 
—5.80078 sin 240 


= — 1.89185 


- 3.37642 sin 300 


3 Reference 2, p. 231. 


47 

- 6.67624 cos 120 


~ 3.37642 


~ 4.68547 cos 60 
5.80078 cos 240 


7.27565 
1.92777 cos 180 
cos 300 
= 3.140381 
> 0," = 


> 0," cos = 


V (1.89185)? + (3.14031)? = —3.66615 
Therefore 
26153 & 3.66615 
6, = = ().0005395 radians = 0.03001 deg 
177.724 & 10° 
This is the same as the value given previously.’ 
Unrunep Viscous Damper 


The following solution of the vibration of an undamped system 
with an untuned viscous damper attached at some section illus- 
trates the use of an equivalent inertia factor for the whole system 
with an equivalent applied harmonic torque acting on it. A dia- 
gram of the system with the damper attached is shown in Fig. 2. 


Meq 


Fia, 2 


The nomenclature is as follows: 
equivalent inertia factor for system at damper hub 
including damper hub but not damper flywheel 
inertia factor for damper flywheel 
= amplitude of damper hub, radians 
amplitude of damper flywheel, radians 
damping factor or damping constant of damper, Ib- 
in. sec. /radian 
2rn = frequency constant where n is frequency in 
VPS 
Po = = 
p = [po = 2nlno 


frequency parameter of damper such that 


= equivalent applied torque acting on 


The differential equations of motion are 
w 
dt dt 


dbew 
dt dt 


where the overbar indicates that the term is a function of t. If 
the harmonic expression for meg is 


Meq = Meq COS (pl — W) = meq sin sin pl + meq cos cos pl 
where W is chosen so that 


6 = cos 


4A solution to this problem was given in ‘The Viscous Torsional 
Vibration Damper,”’ by B. O'Connor, SAE Quarterly Transactions, 


vol. 1, 1947, pp. 87-97. 
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we Therefore, at frequencies that give 2 +1=0o0rl., = 
2 

Meg 


=- is independent of p and equal to 


These points on the resonance curves are called ‘‘fixed 
for the hub. 
The general expression for 6 may be written 


Mleq 


Po 


+ (2r + l)y 


9 The maximum value of |@ for a particular damping factor or py 
COs (» P ) value oceurs when p'{.c? + (22 + 1)y)/meq?is a minimum. Differ- 

(’ Po -entiating with respect to p and equating to zero gives 

\ Po 


dr dmeg 
(2r + 1)y? +] 27 +1+p + 1) yt 
his solution may be verified by direct substitution into the 


dp Mog Ap 
differential equations of motion. dr rp dmeq 
If] = o,p, = 0, and /py = p, the foregoing solution applies to =o 


dp Meq 


a system with damping proportional to velocity at one point, 


} such as a marine installation when only the damping of the pro- — If y: is a root of this quadratic equation such that 0 < y, < 1, the 
7 peller is considered. In this case expression for p or p, as a function of the frequency at the maxi- 
mum value of 4} may be written as follows 
Me 
/ 2 2 " / > 

tpy Tea + p = Ip or po = p ? 

Teap The minimum value of the curve for the maximum |6, may be 


said to define optimum damping. This minimum will occur 
when + (22 + 1)y:|/meq? is maximum. Differentiating 


The vibration of all the masses of the system represented by 


— Leq is either in phase or 90 deg out of phase with the hub motion 


with respect to p and equating to zero gives 


cos pt. The motion in phase is called the ‘‘normal phase’? of the 


dy, dx Pp dmeq 
(2x + 1) +] A2r +1) +p (22 + 1) 
dp dp 


Meq dp 


motion and is the same as the undamped forced vibration of — p 
a 


2 
tw’ = 1/|(?.) + +2 (2 =0 
Po dp Meq dp 


This is zero at the fixed-point frequency where 2r + 1 = 0 or 


the system with Jeg increased by 9 


stimulated by an applied torque equal to me, cos Y cos pt. 


The vibration 90 deg out of phase is called the “damping x = —'/», if the damping factor is given by — Y 
phase’’ of the motion and is the same as the undamped forced dr ; rm » die 
vibration of the system with an infinite mass at the damper hub Pp ip 7 - -1 +p i + on j = @ : 
stimulated by an applied torque equal to meq sin Y sin pt. } I Neq Gp 
The terms within the radical in the expression for @ may be ar- 7 _—_ 
ranged as follows dx 1+ p dmeq 
dp 2meq dp 
“= - 
ap 


\* Ten 
(” ) ( P ) ( P ) Therefore the condition for optimum damping is 
Po) 


Po 


az 

1+ dmeq 
dp 2meq dp 
dz dmeaq 


2meq dp 


dp 


( ) 
( ) r i 
p Po 
Pe I. 
Mey sin Y = Ip 
1 
Af “I (” ) +1 
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40 ] y RESONANCE CURVES OF 6 ORDER | 
AMPLITUDE AT DAMPER HUB 
| * 3,700L8.IN* | 
» 
H 
al 
0 4 - 
Ss 
580 640 660 680 700 720 740 760 780 600 620 640 


RPM 


hic. 3) Resonance Curves or 6 Ampuitupe at Damper Hun in Decrees, Jpw = 31,700 La-In? 
(p = Ip 2alno; = Jew g.) 


where p, 2, and meg are the values at the fixed-point frequency pp’? ‘p\! an 
of the hub. This condition shows that the minimum value of ‘ a? \2 pm pn(0°)? 

maximum 0 is the value for the fixed point and oecurs at the =) yp\? 166.3089 

fixed-poimt frequency. + I 
Since the damping factor is a function of the frequency at the ” po 


maximum value of |@, the damping factor of an untuned — [f these expressions for K are compared with the expressions for 


viscous damper may be determined from the test results of an energy Joss due to a marine propeller,’ it will be noted that the 
installation equipped with the damper provided that: expressions for the energy absorbed by the untuned viscous — 
damper are the same as those for a marine propeller multiplied by 


1 The test obtains the frequencies of the maximum ampli- 
the factor 


tudes for substantially constant applied harmonic torques. - 
2 Other damping effects in the system are not sufficient to P 
change the frequency of the maximum amplitudes appreciably. 
3 The mathematical equivalent system for the unit is suffi- | 8: 
ciently accurate to give accurate values for the natural frequencies (” | 
of the unit with the damper flywheel removed or locked solid to Po 


the hub. 

$4 There is a measurable difference in the natural frequencies 
of the unit with the damper flywheel removed or locked solid to 
the hub. 


Fig. 3 illustrates the type of resonance curves that are ob- 
tained for a system with an untuned viscous damper, The curves 
for the hub amplitude are for 10 different values of the damping 
factor from zero to infinity. The dotted line is the locus of the 

The energy absorbed by the damper torque at any frequency is maximum amplitudes. The fixed point of the curves oceurs at 

*pt=2" d6 “pt=2" 682.3 rpm which gives an optimum damping factor of 31,600 Ib-in. 
K = / p dt ) dé or I sec /radian and the maximum amplitude at optimum damping of 
Jo 0 0.1049 deg. 
These curves also illustrate that the damping factor can be econ- 


2s siderably different than the optimum v ilue without inereasing 

; : cos pt 4 - sin pt the maximum amplitude very much. For example, as shown in 
J0 (? ) (” ) 4, any damping factor between 21,000 and 48,000 will hold 
at" f p Po the maximum amplitude to less than 0.1154 deg which is only 

6 sin pt dpt 10 per cent larger than the value at optimum damping. wy 

Instead of computing complete resonance curves as was done 
P ) for Fig. 3, the calculations may be made directly for the locus 

0 of the maximum amplitudes. For example, if curves of eq and 


p 
p Meg are plotted from the results of calculations at several fre- 
quencies, values from these curves may be used to compute the ? 
; maximum amplitudes and the corresponding damping factors. 
If the angle 6 in degrees is 6°, the energy absorbed by the damper eel le 
torque may be written § Reference 2, pp. 154 and 163. : = en 
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The results of such calculations are shown in Fig. 4 where the 
symbol J indicates inertia factor in Ib-in.? which was used in the 
calculations instead of 7. In this case 7 = J/g where g = 386.088 
in /sec? is the standard acceleration due to gravity. 

Fig. 6 shows the results of similar calculations for different 
values of the damper flywheel-inertia factor. The effective ac- 
tion of the damper in reducing the amplitude of the hub for opti- 
mum damping is seen to be approximately inversely proportional 
to the damper flywheel-inertia factor. ; 


> 
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Another way to evaluate t of the untuned viscous 
damper is as follows: 

The general expression for # in the form that it was first given 
shows that its maximum values occur near the frequencies that 
make the second term under the radical equal to zero, or 

Tea 1 


These near-maximum values are defined as peak amplitudes and 
will be denoted by 0. 


I I 
Tew = - = - = 
n\? 
) + ( ( ) 
Po ny p | 
then the natural frequencies of the system with J-q increased by 
The 


If, as previously specified 


Tew’ are the frequencies of the peak amplitudes of the hub. 
expression for O may be written 


Meg 


p 


0= 


lp? 
where p and p are connected by the relation 
Ip 
= 
gf 
Tea 


If this relation is used to eliminate p from the expression for O 


It will be noted that O is the value of the hub amplitude that is 
obtained at the natural frequency of the system with /eq Increased 
by Jew’ when the energy input from the applied torques is equated 
to the energy absorbed by the damper, 

The damping factor for the minimum 0 is a 
proximation to its optimum value for the usual sizes of viscous 


dampers. Using « = Jeq/I as was done before 


= 


—2(2 + 1) 


then 


close ap- 


The minimum of this oecurs when —p‘r(r + 1)/meq? is a maxi- 
mum. Taking the derivative with respect to p and equating to 


zero gives the following equation 


dr dmea 
+ 1) + p| + 1) — 2r(x + 1) = 
ap 


p 


If the resulting value of p is substituted into the relation con- 


necting p and p, namely, p = Ip \ the value for the opti- 
r 4 
mum damping factor as defined in this case is obtained. 

The results shown in Fig. 5 were calculated as just described 
for the same vibrating system as that for Fig. 4. The optimum 
damping factor in either case was practically the same, namely, 
31,900 for Fig. 5 and 31,600 for Fig. 4. 

If the method to obtain the results in Fig. 5 is used to evalu- 
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AMPLITUDES FOR 
OPTIMUM DAMPING 
WITH VARIOUS 


— 


x 31,700 


+ 


it 
Jew = 31,700 


Jew: 


4. 
| 


| 


Jew 31,700 LB In? 


SCALE FOR Pp 


6 ORDER MAXIMUM AMPLITUDES * DEGREES AT DAMPER 


ORDER 


~ 


ate the effect of the damper, it should be recognized that the peak 
amplitudes are near-maximum values that occur at frequencies 
slightly higher than those of the maximum amplitudes, and that 
the damping-factor curve is plotted on the frequencies of these 
Therefore, when using such results as 
shown in Fig. 5, to evaluate the damping factor corresponding to 


near-maximum values. 


test results from an actual installation, allowance should be made 
for the difference in the frequencies of the peak amplitudes and 
the maximum amplitudes of the resonance curves. This differ- 
ence for the case of Fig. 5 is about 1.0 per cent of the frequency 
near the values for optimum damping. 


FLEXIBLE CoupLinc Wirn NONLINEAR ELASTICITY 


An approximate solution for the undamped vibration of a sys- 
tem which includes a flexible coupling having nonlinear elasticity 
will now be described. 

The system may be reduced to two equivalent masses and an 
equivalent harmonic torque acting on one of the masses which are 
connected by the coupling us shown in Fig. os 

If the coupling elasticity is designated as the kth step of the sys- 
tem, the inertia factors in Fig. 7 are 


cospt 
6, 


and 


Mm, = Megk, Mla = Megk+i 


A> 
Fig. 7(a) is the result of the reduction if the coupling is located 
at some section between the last applied torque and the end 
mass, and Fig. 7(b) is the result if the coupling is located between 
the first mass and the first applied torque. 

If Q is the torque in the coupling due to 6, — 0,, the two differ- 
ential equations of motion for the case in Fig. 7(a) are i 

= m, cos pl 


+Q=0 

dt? 
An approximate solution may be made if Q is replaced by its first 
harmonic for an assumed simple harmonic variation of 6. — 6. 
Let this first harmonic of Q be a cos pl for 


6, = 0, cos pt 


6, = 0, cos pt 


The sum of the two differential equations gives 


1,p?0, = m 


Replacing Q in the first differential equation by a cos pt gives 


1, 


a= 


I; 


(0, — 0;) 


Similarly, the two differential equations of motion for the case 


of Fig. 7(b) are 


2 ae + Q = m, cos pl 


The sum after putting 6, = 0, cos ptand 0, = 0, cos pt gives a 


— Inp"0, = me 


dj 
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Replacing Q in the second differential equation by a cos pl gives 


+ a = mm 
142 ins 


_ Atypical torque-defleetion curve for the Falk-Bibby type cou- 
pling is shown in Fig. 8. The curve Q = (8) is an odd function 
such that f(0) = —f(-—@) and is assumed continuous at @ 0. 
If the variation of the deflection between the 


hubs is « simple 
harmonic 


6, + 6, cos pl 


where 


= mean deflection betweea hubs, radians” 
= amplitude of harmonic variation of deflection between 
hubs, radians 


+ 9, cos pt) = 


This curve has the characteristic that @(pl) = (27 
that it may be expanded into a cosine series. 

The manufacturer of these couplings offers many sizes for engi- 
neering uses and each size has its own torque-deflection curve. 
However, by approximate curve fitting, the writer has found two 


pt) so 


formulas which give very close agreement with the manufac- 
turer’s published torque-deflection curves for all sizes of these 
couplings. Formula [1] applies to the coupling sizes 3 to 18, 
and Formula [2] applies to the coupling sizes 190 to 310 and 3310 
to 3360. These formulas are dependent on two parameters, A 
and B, which have particular values for each coupling. 
Formula [1] for Falk Steelflex Couplings 3 to 
Torque, deflection, and stiffness relations are as follows: 


Sizes 18. 


( = torque, Ib-in. 


— 


6° = deflection between hubs, deg 
= 10 = stiffness factor, lb-in/radian for small variation of Q 
{and B = parameters from Table 4. 
Be 
AQ? = 
118 + 0.61 BQ) 4 (30) 
A0°| 13.6 
( 463 179360 
— 403.6)" — 170 


PRANSACTIONS OF THE 


ASME 
a 
(BQ)? } 
118 + 0.61 BQ) + 
x B (BQ)? 
1520 


Formutra [1] Form ror Catcuatine C 


3 } 5 6 7 8 
118 + (2) 118 (2) 0.61 BQ (3) + (5) = 
(4) 180A. 
B 


Formula |2] for Falk Steelflex Couplings —Sizes 190 to 310 and 
3310 to 3360. Torque, deflection, and stiffness relations are as 


follows: 


A and B 


parameters from Table : 


Be 
AG? = 
44 BQ 
74 AG? 
= — 
180 A-(74 + |BQ))? A 
C= _ = 77 3 7 | 2 


Form ror C 


3 4 
0.7743 (3) 


ForMULA [2] 
2 
74 )2 


BQ + BQ 


Tf the mean torque Q varies as the square of the RPM as in the 
ease of a marine propeller or centrifugal pump 


Q= Q, 


where the subscript f refers to full speed and power, Also, if @ is 
order number at engine speed of a vibration with frequency of n 
6On 


RPM 
RPM, 


P, 
RPM, 


63025 


VPS, engine RPM = Thus, if the coupling turns at engine 


speed, the torque across the coupling is 


3600 35207 Q, p? 


o(RPM,)? a{RPM,)? 


If the coupling turns at any other speed, the torque across the 
coupling is the foregoing times the speed ratio of engine to eou- 
pling, where o remains the order number at engine speed, 

The mean value and first harmonic of the curve BQ = f(A@°) 
may be calculated for any assigned pair of values for 4@,,° and 
AO,° where 

= 

_ 

6,° 


+ cos pl 

= mean deflection between hubs, deg 

= amplitude of harmonic variation of deflection between 
hubs, deg 


The results of such calculations for a number of pairs of values 
are summarized in Tables 6 and 7 for Formulas [1] and [2]. 
Curves of these values may be plotted and then replotted to ob- 
tain the sets of curves in Figs. 9 and 10, which are in a form 
that may be used in torsional vibration calculations. 

For small values of AQ@,° the first harmonic of BQ may be 
written 


us 


a 


where for Formula [1], if mean BQ is BQ,, 
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TABLE 4 FORMULA (1] FOR FALK 81 FACTORS FOR TORQUE, DEFLECTION, 
COUPLING MAK A 180 A MAK. RATING 
3 '/e a .850] 87 | | 42.37 | 789.7 |.8279 
“ $67 1 | 1,1 63.03 | 226.8 |.7816 
“ 1 Ye} SOO} 12.2 126.05 | 21%,8 | 
é 1260 | 15/e|.S7S | | 3.53625 | 202.6 | 204.9 | 7572 
2433 | 11.2 | 436% | 217.2 
8 sovo | 660.0 | 1964 |.7469 
9 T1560 | 1725 988.4 | 219.1 |.71736 
| 164 | | 10080 | | | 25.53 | 1462.8 | 227.0 | .7818 
[ee] 1430] | 19,092 | 1093.9 “ 
| 14500 |3%/.620/ €¢ | 3468 | 2273.5) 226.6 | 7813 
t | Ye} let] « 6% | 29.76 | " 
q 12 | fa} ee] « 22050 | 34%|.680 | joo | 68 3896 | 2205 |.7751 
| 1.510 | joo | st 2922 “ 
eh] " « | yos| (oo | 405 2320 
4 Ye tet 4 |.7715 | 120 | $329 252.° |. 8038 
13/4] 33 " " 1.778 | (20 5329 
| « |.656] 12°] | #510 | « 
| et | « 1.922] (20 | | 3989] « “ 
| 4 | | 33 | Ya | 44100 | ¢¥e/.875| 160 | Betl | 275.6 | .820° 
33 " " |,626 | 16° | (oo S130 
is | 33 &300° | + .896 | 23° | 206.08 | | 273.9 | 
« | 33 | « 230] 1472 | 
‘ 1G | | 33 " @8200 | 5 325 | 3¥0.25 | 19552 | 271.4 | 
| 33 " " " 325 | 243.75 | 13966 “ 
7 | | 33 " | & [4.190] 41S | 493.85 | 28300 | 273.3 | 
| 33 " 85°] 415 | 352.75 | " 
33 | .@S9 | #15 | 273.485 | Is " 
1g | Ye | 33 " | T 11358) S2O | TOO.NG | 4o¥6O | 278.7 | .8218 


* Standard, 
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TABLE 5 FORMULA [2] FOR FALK STEELFLEX PO 3360; FACTORS FOR TORQUE, DEFLECTION, 
COUPLING MAK TORQUE A 143A | MAGRATING 
SIZE |OFFSET|RADIUS| GAP | B B BQ Ae”. 
19° | 33 | Ye | 208 000! 88 | 699 | 607.2 | 470.2 | 301.4 |.80°29 
| Se | 33 31F,000}] B 1.00 | (eee | jooo 774.3 | 315.0 |.8098 
Tor] | 100° | 828.5 | 315.0 |.8°98 
210] Ye} 33 | | 42525019 Ye] | | 580.2 | 1224.3 | 3174 | 
22° | 3/8 | 33 “ lo | | 26 1653.9 | 309.7 | -80°71 
230 Yel TO | « | 693,000] | 2220 | 3219 2492 312.2 | 
24011 % | | | 945000] | | 4200 | 3252 | 190,00] 7087 
%} 7° | « | Toso | | 
260] 7° 1 2,1%2,000] 1.05 | | | 935° | 186.26) 
| 12 835,000) 16 | 1.23 | | | 14762 | 16290] 
26°} 72 | 13780,000] 17% | 1.32] | 28380 | 21970 | 175.81 | .7038 
29°) TO} | 725,000] 19 | 1.445) 24200 | | 2FOI4 | 195.25 | .T252 
300) YB} TO} « |§,670000/ 20% | 2,56] | | 185.90] 
310] 5/8 | TO} « 1819800 3.1$ | #3000 | 135450 | BBO) (90.47 | 
3310 8,190, 000 296,40! 229,500 | (6.579 | .18303 
332° 11,340,000 - | 506,000 | ¥OO 369,700] 22.680] .2346 
3330 16380600 | 700600 | 700 S¥2,000/} 23.400] 2402 
334° 22,650,000 © |1,200,000/} 200,000) 929,200) 18 8715] .20327 
339° 32,760,000 (.2© | 1,680 000)2 000] 1, 561,000 19 500 | .2086 
336° ¥5 360000 1. GO | 1,260 000) 3 136 000/2 428000) 23.143 1.2382 
[is + 0.61 BQ,, + (80. Ip? 
and 


When the coupling occurs in the system bevond the last ap- 
plied torque, the expression for a, the first harmonic of Q, from 
the solution of the differential equations of motion is 


If = 6,9 


For SysteM CorRESPONDING 7(a) 


14 
I 


2 
lip (0. 


6,) 


my 
I, 


9,° in degrees, Ba may be written as 


6,° = 0,° 6,° 


If this expression for Ba, which is a straight line, is plotted on 


the coupling curves, Fig. 9 or 10, roots for A@, are the intersec- 
tions of this line and the curve for the required mean BQ due to 
the transmitted torque of the engine. 


For small values of A@,° the solution is linear and may be 
written in the following form 


A0,° = 


Bm 


d 
>: 
|| / B 180 nx BC 
A 14 /, 180 A 
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[1] FOR FALK STEELFLEX COUPLINGS 3 TO 18; SUMMARY OF MEAN BY AND FIRST HARMONIC OF BQ FOR 
HARMONICALLY VARYING DEFLECTION BETWEEN HUBS 


oO .3 0 42.291 100.39 1156.54 


0 
13.05| (3.37 1§.72 | .6 re) 109.29 | 
27.58] ISS8 | 32.52] #936 os | 12.16] 110.47 
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18.38 $1.81 | 58.88 2.76 | 114.39 
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S¥.(7 | 133.76 


90.46| 28.32] | .s | these] 


2 

3 
6$.02| 2233 
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Resonance curves for the torsional vibration of the system For System CorReESPONDING TO F1G. 7(b a 
Jou’ = Ji, = = m 
7 where J is the inertia factors in Ib-in.? (: = ") Be = 
A 
Then, for the same frequencies, compute the values indicated 
in the following tabularform: and 


180 g (c) (c) 


Plot the straight line y = (d) A6@,° (e) on the coupling curves 
for Ba (Fig. 9 or 10) and determine A@,° for the required mean 0,° = 
BQ. Since the coupling torque may be either plus or minus and ; | 
) Fig. 9 or 10 is only plotted in the first quadrant, negative roots for 
A@,° may be obtained in the first quadrant also by plotting the 
straight line y = (d)A0,° + (e). 
The remainder of the calculation for the amplitude of vibration 
at each hub of the coupling and the torque across the coupling 
may be carried out as follows: 


(h) (2) ()) (k) (1) (m) 
A0,° 6,,° -— Bon? 6,,° a 


6,° = 6,° 


If this expression for Ba, which is a straight line, is plotted on the 
coupling curves, Fig. 9 or 10, roots for 19.? are the intersections 


roots (q) (a 


(4) + — (h) + (b) (k) 


from A (c) (h) 

curves 
; These results are sufficient to determine the amplitude and torque of this line and the curves for the required mean BQ due to the 
_ at any section of the system, transmitted torque of the engine. 
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For small values of A@,° the solution is linear and may be These results are sufficient to determine the amplitude and 
written in the following form torque at any section of the system, 


NUMERICAL EXAMPLE OF System “SreeELFLEX”’ CourLinG 


B 180 T Fig. 11 shows two forms of the equivalent system of an installa- 


tion which includes a 210 Steelflex coupling. 
engine data: 
Diesel 6-cylinder 12'/, 13, turbocharged, 4-eycle, 810 bhp 
at 600 rpm 
Piston assembly weight = 148.9 Ib 
Connecting-rod assembly weight = 221.0 ]b 
Center of gravity at 0.25 & length from crankpin center 
line 
Radius of gyration about center of gravity = 11.84 in 
Crank-to-connecting-rod ratio = 1/4.3077 
where J is the inertia factors in Ib-in.? Firing order 135642 
Then, for the same frequencies, compute the v: ‘tlues indicated Crankshaft without counterweights with rotating weight 
in the following tabular form: percrank = 175.1 lb at erank radius 


Resonance curves for the torsional vibration of the system 
may be caleulated as follows: Designating the coupling elas- 
ticity as the kth step of the system, compute the following 
values for several assumed values of frequency 


J" J ox’ = Ji, = My 


(a) (b) (d) (e) (f) 


‘ ton: 122.718 sq in. | 

B Piston area A = 718 qin 
Ju ‘ (a) Crank radius R = 6.5 in. 
180 Tox’ A (c) (b) 


(c) 


/ 


AR = 797.7 cu in. 


Plot the straight line y = (d)A0,° + (e) on the coupling curves One of the important phases of amplitude calculations is the 
for Ba (Fig. 9 or 10), and determine A@,° for the required mean — selection of representative applied torques. The general ex- 
BQ. Since the coupling torque may be either plus or minus and _ pression® for the torque curve occurring at each crank of an en- 
Fig. 9 or 10 is only plotted in the first quadrant, negative roots for — gine may be written as follows: 

AQ@,° may be obtained also by plotting the straight line y = Torque/AR at one crank for uniform rotation = torque/AR due 
(d)A0,° —(e). to gas pressure 

‘ The remainder of the calculations for the amplitude of vibra- 6 = Coefficients of Engine Torque Curves,”” by F. P. Por- 
tion at each hub of the coupling and the torque across the cou- ter Journal of Applied Mechanics, Trans. ASME, vol. 65, 1943, p. 


pling may be carried out as follows: A-33. 


(9) (h) (j) (k) (1) (m) 
roots (q) (7) 57. 206 (1) 
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WR p? W — H*) mentioned.* The sine and cosine harmonic coefficients for the 
oA ee ocAR 9g F, mn) 3 order of this set by approximate curve fitting may be written as 


+7 + +e, + (Cosine) m, = —0.055 MIP + 0.50 +* 


« "The MIP at any power may be written — 


where 


= piston areas MIP = MIP— MEP + MEP 


«= 
crank radius 
center of mass of rod to center of crankpin A T oe a If it is assumed that MIP — MEP is constant for any power, and 
= center of mass of rod to center of piston pin that the power required by the centrifugal pump is such that 


radius of gyration of rod about its center of mass 7 2 a, 


length of rod ‘ MEP = MEP, ( RPM ) 
crank-to-connecting-rod ratio RPM, 
= weight of connecting-rod assembly 


h, where the subscript f indicates full-speed values 
reciprocating weight including ~ Wy 
weight of unbalanced rotating parts at crank including MIP = MIP, — MEP, + MEP, RPM 
W, at crankpin center line 
35207 MEP, p* 
= MIP, — MEP 
= radius from shaft axis to center of mass of 
= crank angle from piston position furthest from crank- 
shaft If the mechanical efficiency of the engine is taken as 80 per cent, — 
= angle from crank arm to U in direction of rotation the expression for MIP at any frequency for the 3 order may be 7 
inclination of cylinder center line from vertical in diree- — written 
tion of rotation P 
: 2 
order of vibration MIP = 27.925 + 1.2138 Pp 
F,, Fy, F. = functions of k and @. Harmonic coefficients for 


these functions are given elsewhere.® 
& so that the 3 order torque ‘AR values due to pressure become 


For practical purposes the harmonic coefficients of the torque 
due to the reciprocating and rotating masses for uniform rotation 
are insignificant above the 4 order, so that the harmonic com- 
ponents of the torque for all orders except 1, 2, 3, and 4 may be 


3 OBDER RESONANCE CURVES 


taken as the values due to gas pressure alone. 
The harmonic torque/AR values for orders 1, 2, 3, 4 are ob- 
tained by adding the following quantities to the components due 


to gas pressure: 
1 order 


L 


END OF ENGINE DE 


WLR p? 
(Sine component) up 
A 


a 


AMPL TUDE AT FREE 


(Cosine component) 
AR sin (a, + 


2 order (sine component) 


F, COs y 


3 order (sine component) 


p? 
r F, 
9A g 


OUPLING LB IN 


| 


TORQUE ACROSS FALK 


4 order (sine component ) 


WR p? W 
GA g WAR og 4 


where the harmonic coefficients for the specified orders are used 
for the F-functions. 

Calculations for the undamped resonance curves for the 3 
order or first major vibration will be described. The torque/AR 


8 


values due to gas pressure were taken from Set Q2 of the reference 
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The 3 order value due to the reciprocating weight is a sine com- 


1.0359 


ponent equal to 
WR p* .. 


(oa 


Therefore the 3 order applied torque at each crank is 


m, = 20.082 0.08610 
m = (086 0.06676 ) 


The calculations for the 3 order foreed-vibration amplitudes at 
two frequencies are shown in Table 8, which are carried out by 
the reduction method applied to the equivalent system with a dis- 
tributed mass along the engine crankshaft. The original caleu- 
lations were made at several other frequencies in similar tables 
with more horizontal lines below the column headings. The re- 
sulting resonance curves for the amplitude at the free end of the 
engine and the torque across the coupling are shown in Fig. 12. 
The vibration 
torque or stress in any section or the vibration torque across the 


calculations may be continued to obtain the 
gears. 

The second natural frequency vibration occurs principally 
between the engine and flywheel. The ealeulations for this fre- 
quency with the coupling-stiffness factor for full power torque, 
Cy = 23.147 X 10°, is given in Table 9, In this ease the natural 
frequency is 83.06 VPS which shows that the 6 order of this na- 
tural vibration is above the full speed. 


The third natural frequeney vibration occurs principally be- 
tween the centrifugal pump and the speed increaser gears. The 
calculation for this frequency using C; = 23.147 & 10° is given in 
Table 10, which yields the result 92.80 VPS and indicates that the 
9 order third-frequency vibration will occur at 619 rpm. 


Discussion 
kK. L. Davis.?. The author is to be congratulated for present- 
ing a method of simplifying the problem of the “untuned viscous 
damper,” by using an equivalent inertia factor for the whole vi- 
brating system and an equivalent applied harmonic torque. 

We also congratulate and thank him for his work and interest 
in deriving equations for the “torque versus stiffness factor’ and 


’ 


“torque versus deflection” curves of our “Steelflex”’ coupling. 

We like the convenient form of the equations for their use in 
solving values of the “undamped resonance curves’’ of an engine 
drive containing our nonlinear coupling. 

The torque versus stiffness factor curves published to date 
The 


author’s Formulas [1] and [2], based on these curves, cover the 


are applicable directly for small vibratory amplitudes. 


complete range of our standard couplings for small vibratory 
amplitudes as well as any larger magnitude of @, required for eal- 
culation. 

An alternate graphical method for determining from the curves 
the stiffness factor of a coupling where appreciable vibratory 
torques @, across the coupling are encountered is explained by 
W. Ker Wilson.’ 
treme amplitudes of vibration were found in drives in the field that 
had not been calculated previously for torsional vibration. 


Our company has used this method when ex- 


7 Analyst, The Falk Corporation, Milwaukee, Wis 

“Practical Solution of Torsional Vibration Problems,"’ by W. Ker 
Wilson, John Wiley & Sons, Inc., New York, N. Y., vol. 2, 1940-1941, 
p. 398. 
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We believe Mr. Wilson’s method would coincide with the au- 
thor’s results, but the answers obtained would be somewhat less 
accurate and the work involved would be quite cumbersome; 
particularly for calculating undamped resonance curves, even 
though Table 8 of the paper were used in conjunction with Wil- 
son’s method. However, the latter has the advantage of being 
more easily interpreted and involves a simplified, if more tedious, 
form of mathematics. 


B. E. O’Connor.® To the writer’s knowledge the simple re- 
lationship between amplitude impulse and residual torque in an 
undamped system has not been published previously. Exact 
results are obtainable with this method with much less effort 
than is required using previously published methods including 
methods which lead to approximate solutions only. 

The author's approach to the problem of a multimass system 
employing an untuned viscous damper with torque applied at 
several locations is quite novel. 

To obtain exact solutions for the amplitudes, torques, and phase 
angles at any station in the system we use an extension of Holzer’s 
method by which damping and applied torques are included in a 
single tabular solution for a given frequency.” Engine caleula- 
tions are started at the flywheel end and the amplitude at the 
flywheel is not unity, but an unknown. Exciting torques are 
added to the torque-summation column at the proper stations, 
The proper phase relationship is taken into account by use of 
complex numbers when necessary. Damping is simply accounted 
for by an entry in the spring-constant column preceded by an 
imaginary operator. 

The unknown amplitude at the flywheel end is obtained in the 
form of a complex number by equating the residual torque at the 
front end to zero. Since amplitudes and torques at each station 
are in terms of the amplitude at the flywheel and a unit impulse, 
all required information at each station is readily available, 

For most practical cases the following solution is entirely satis- 
factory: The exact value of the common point frequency of the 
damper housing may be obtained by balancing a standard Holzer 
table with an inertia at the damper-housing location equal to 
the housing inertia plus one half the damper-flywheel inertia, 
The exact housing common point amplitude may be calculated by 
equating the product of one impulse times the sum of the ampli- 
tudes at the impulses from the same table when the amplitude 
at the damper housing is unity to the expression for maximum 
energy dissipation by the damper. 
tained from the table are not exact but they are nearly exact. 


The values of torque ob- 


The common point amplitude will not be the greatest amplitude 
unless optimum damping is used. The product of the common 
point value of 27 N and the damper-flywheel inertia is a suffi- 
ciently close approximation to optimum damping for most pur- 
poses. 

It would seem that the labor involved in obtaining correct 
values of Ieq and meq as proposed by the author would involve at 
least as much labor as does the completely rigorous method which 
is described in this discussion. 

The writer would like to see a complete solution of a problem 
by the author to be sure that his procedure is understood 


J.D. Swannack.'! The writer feels the amplitude and torque 


relations are very important. From experience with linear vibra- 
* Houdaille-Hershey Corporation, Buffalo Division, Buffalo, N. Y. 
Viscous Dampers Tuned and Untuned,” by B. O'Connor, 
Symposium on Torsional Vibration, sponsored by the Diesel Engine 
Manufacturers Association at Massachusetts Institute of Technology, 
June 13, 14, and 15, 1949. 
"Chief Analyst, Fairbanks, 
Mem. ASME. 


Morse & Company, Beloit, Wis. 


263 
tion, the Rayleigh-Maxwell reciprocal theorem is found to be 
In the present case, suppose we have torsional masses 

If a Holzer table is worked through, beginning 
at J,, we have resulting a set of influence numbers 0,/Qi, 42/Q, . . . 
6,,/Q; where the 6 are torsional amplitudes and Q, is the residual 
torque at mass /;. Now we can write for the resultant angle at 
I; 


useful. 


where 6,/Q:, .. . . 4:/Q, are unknown at the moment. From 


Rayleigh we have 


A, A. 0; 0; 


Qe 


0, 
+ Ms 


A, = 


It is appreciated that the Falk coupling solution is approximate. 
Any so-called exact solution would, for any practical case, be a lux- 
ury few could afford. While the writer has considerable con- 
fidence in the method and data, does the author have torsiograph 
tests in any cases? If tests exist, do they show reasonable agree- 
ment on the lower branch (below resonance) of the amplitude 


curve up to the drop-off point? 
AuTHor’s CLOSURE 


The author wishes to express his appreciation to the discussers 
for their comments. 

Mr. O'Connor describes « “completely rigorous’? method of 
The not 
object to the term completely rigorous since the method he has 
presented equals the rigor of that deseribed by Mr. O'Connor. 

Calculations for the system, shown in Fig. 13 of this closure, 
are described by Mr, O'Connor in the SAE Quarterly Transactions, 


solving the viscous-damper problem. author does 


65 65 65 65 65 65 60 
C, C, C, C, 
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January, 1947, and also in the reference mentioned in his dis- 
cussion, The cylinders are at masses 2 to 7 inclusive, and the 
magnitude of the 6 order applied torque at each cylinder is 
m = 66 Ib-in. 

Caleulations for this system will be described using the meth- 
ods presented in the paper. Three Holzer tables are shown 
in Table 11, herewith. 
frequency of the damper hub corresponding to the natural 
The fixed- 


point amplitude of the hub for the 6 order may be caleulated 


The first one applies to the fixed-point 
frequency of the system with /; increased by 1/2. 


from the values m this table 


13.97165m 
6, = = 
t 541012 108 


25.8533 /106 radians 


The second and third Holzer tables in Table 11 were caleulated 


| 


val 
80 
6 16 16 16 16 06 10 
| 
= 
= 
| - 


rA 
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BLE 11 HOLZER TABLES 


pr= p= 1599.81 


2.57956K10° , P= [606.10 


r I Ip*xic® Cxio® 
8 691038) | 6971038 |6.91038 | €.5 
1 |. 14 |- 02986 |6. 88452) 6.5 [1.05916 
é AG [6.42493 | 6.5 | .18845 
5 |.40950¥F2.11075 86436) 5.56057) 
434589 | 65 |.€6860 
3 | 2.85742) 65 |.¥3960 
2 | 1.18893) 8.0 .1%862 

2.53931 «10°, = (593.5% 

2.7 | 685604! 6.5 | 1.05479 
1 |.406290|-.05 ¢79 6.5 |1.05137 
6 9¥2/6.38446) 6S | .98222 
16 | 406290 | 5.53597) |.85169 
¢ | 406290 94007 434145) 6.5 | .66792 
3 | .406290 |-1.¥6569 65 | .+#239 
2 +1.6€563 | 1.227993) 8.0 | 
06 |.1F2359 |-4204/2 |-. OS¥ | .58939 

1380777 


= - & 


2 3 é 7 
Cc 
2.7 |6.96#81) | 6964811697648!) 6.5 
7 | |--02951 |693530)] 65 | 1.06697 
6 | 48 |- 44988 | 6.46542) 65 | 99468 
5 1.412730 |-2.13316 5.58500, 65 |.85923 
¥ 16 [299239 434995; BS |.66922 
3 1.51126] 2.83869) 6.5 |.43672 
2 1.412730 09833 |-1.69150) B.0 
06 | 24173 | | .49068 


=-14,09548 


| 
4 +g. 
- 
= 
~ 
} 
a¥ 
| | 
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pr= 2.559402 


SOLUTIONS FOR UNTUNED VISCOUS DAMPER, 


ANI Ls 


AT FLYWHEEI 


NORMAL PHASE 


AND TORQUES 


FLEXIBLE COUPLING 


AT NODE OF MOTION OF NORMAL PHASE 


2 


3 


bad 


I 


6' 


10° 


108335 


-219273 


27727 


27727 


16534 


39531 


-67258 


409 S04 


-86187 


-35294 


1.02552 


«16 


-¥09 SO¥ 


-TOFIC 


-28833 


1.31385 


16 


50197 


-20556 


16 


409 SO¢ 


-26821 


10983 


1.6292¢ 


-(6 


SO¢¥ 


C1156 


00719 


1.6363 


2.7 


691038 


23¥20 


618 $l 


CAR 


(Ma)py = x 66.133 m) =-42.38™ 


yet 
z 


_ 


3.31905 


10° 


.01802« 


DAMPING 


PHASE 


6.133 


2 


3 


e' 


oo 


Ae 


SOF) 


21097 


(1076 


837865 


409504 


39987 


(6375 


S04 


-.50358 


20622 


-¥6788 


#09 


- S7556 


23569 


-23219 


-61128 


—2$032 


61813 


[Kl wip — 


6.91038 


¥9 


20¥90 


%22303 


Z6'=-248626 
—2.48626 A6 m 


~$¢.22303 AG x 10* 


= 


6g =V = 
My = = ¥2.57 m 


= .588¢ m/i0® 


K 
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for frequencies slightly below and above the fixed-point fre- 


quency by the same value. For p = 1593.52 


13.84777m 

= 3.20386m 
4.20412 

0.58939 


= = —0.055209 
2.5393 1(-—4.20412) 


1.09548m 
4.24173 
0.49068 


Teas = = 


2.57956(—4.24173) 


= 3.32505m 


Meqi = 


).044845 


Thus 


Alea 


Ap = 12.58, Ameq = 0.02919m, Ar = = 0.10364 


dz _ 1590.81 710364 _ 13.180 


0.02919 


1590.81 
= 0.4390 
12.58 


(3.29386 + 3.32305) 


p dimeg 
2meq dp 


Therefore the optimum damping factor is 


[13.180 
13.180 


0.4390 
+ 0.4390 


p = 0.1 & 1599.81 154.74 


p 1547.4 


The value of the optimum damping factor given by Mr. 
O'Connor was 158.250747 which is not correct since it) was ob- 
tained by equating amplitudes at the fixed-point frequency and 
a slightly smaller frequency. The author has extended these 
calculations to obtain a value by equating amplitudes at the 
fixed-point frequency and e& slightly larger frequency where the 
difference of the two frequencies was the same as was used by 
Mr. 
The optimum damping factor therefore is approximately the 


The damping factor in this case was 151.29520. 
average of these two values or 154.77307. This agrees almost 
exactly with the value computed by the author, namely, 154.74. 

The amplitude at any mass and the torque in any step may be 
obtained by computing the normal and damping phases of the 
motion as described in the paper. To illustrate this, the ampli- 
tude at the flywheel (mass 8) and the torque at the node of the 
motion of the normal phase (step 7) are computed in Table 12 
The same type of calculation may 
For the 


at the fixed-point frequency. 
be made to obtain these results at any frequency. 
normal phase calculations, 7; is increased by 


and the undamped forced vibration is computed for the system 
stimulated by the original set of applied torques with each 
multiplied by cos y. 
put equal to infinity and the undamped forced vibration is 
computed for the system stimulated by the original set of applied 


For the damping-phase ealeulat ions, I, is 


torques with each multiplied by sin y. 
The values in the upper table of Table 11 give 


0.54042 


= 0.05000 
1.22304) 


Tea 


+ =, 
2 


13.97165m 
= 3.30843m 
4.22304 
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aby 
- = 1,03387, = 1.06889 
Po 


Po 


0.485351 


1.03387 
= —30.015 
2.06889(—0.016649) 


sin = 


_ The results obtained in Table 12 agree closely with results 
This example also shows that very 


tan = 


9.99945, cos Y = 0.033298 


given by Mr. O’Connor. 
little error is involved in neglecting the damping phase of the 
motion and only caleulating the normal phase. 

The advantages resulting from using a distributed mass for 
the masses along the engine crankshaft also are illustrated by 
this example. The equivalent system in Fig. 14, herewith, 


Jie 1011.6 
CYLINDER NO 
2 


sts 


1, = 6.875 
J, 424.7 
C, = $45500 
«.3883 


57.296 J, =24334 


SECTION 
04157 


- 
«72963 


Fie, 14 


represents the same system as is also represented in Fig. 13. 
The transformation of the one system into the other is obvious 
when it is recognized that the J-values in Fig. 14 are in |b-in.? 
and the J-values in Fig. 13 are in |b-in. sec?. Using inertia 
factors in |b-in? is a personal preference of the author and is not 
considered a necessity. 

The fixed-point frequency for the section at the damper hub 
(section O1) is the natural frequency of the system with 38.61/2 
added to the crankshaft at section O1. Adding this as a dis- 
tributed mass gives J; = 444.0 and ¢@ = 0.40595. Thus the 
fixed-point frequency is 


n = T~(—1011.6/444.0) 0.40595 = 255.3 


or p = 2mn = 1604.1. The fact that this frequency is 0.268 
per cent higher than the corresponding value for Fig. 13 is no 
reflection on either equivalent system. 

The calculations for the optimum damping factor are given in 
Table 13 where the value of 155.16 is obtained. If this is 
reduced 0.268 per cent to compensate for the difference in the 
fixed-point frequencies, it becomes 154.74 which is identical 
to the previously calculated result for Fig. 13. The remainder 
of the calculations for the amplitude at the flywheel and the 
torque at the node of the motion of the normal phase are given 
in Table 14. (See page 268.) 

An explicit expression for the optimum damping factor for 
the system in Fig. 15 was 
derived by Mr. O’Connor 
in the SAE Transactions, 
1947. The author’s solu- 
tion for this problem is as 
follows, which is worthy of 


I 


note because of its simplic- 
ity 


| 
| 
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TABLE 13 OPTIMUM DAMPING-FACTOR CALCULATIONS 


3 « 5 6 7 


x(2) (¢) -(2) 


Ax 


1O¥6| 103.49) ¥.95 | 0866! 
—€1370] 103.59) | .OTLIS 17.397 
—¢(208| 103.64) ¢.51 | .©7888)-19.363 
N= m= 256.3 


Cos Ap 6.5663x2 
= .4343 

17.52 12.67 | 16.74 |.95762 
31.88 |. 27.14 | 34.20 |.85527 
41.62 | 45.69 |.6985¢ Ox 
60] 49090] $6.09 | 0.16 |.¥9758 13. #863 
1497 |.25932|| 70.57 | 74.6¥ |-26#88 
89.33 89.11 |.c1ss3 
SuM= 3.215632 SUM 3.28942 3.2832™ 


— 


2 102252 (255,3)* 
Mega, = = 3 (255.3) 
$495 Cos 


fe 
= 3.2686™ =-32977m | =25.52m/i0 


“| COS 


gnks “ 
‘ 2 ‘ 


oPTIMUM 


I, This may be reduced to the form of Equation [8] given by Mr. 


’ = 2 (2 
I Ip? dp Ip§ Vi, \ 
For the fixed point r = —-1/2 so that If the vector notation for simple harmonic motion is used, the 
ass author’s methods may be extended to include outer damping 
F c oc or or at each mass and inner damping between each mass. If p is 


Tea h c 2C 
z= 


ee ‘ ‘+ 1 orp? = the outer damping factor proportional to the angular velocity 

I Ip? : / 2n+7 of the mass, and if p’ is the inner damping factor proportional 
to the difference of the angular velocities of two adjacent masses, 
the inertia factor of the mass may be taken as the complex 
number / jp/p and the stiffness factor of the shaft between 
the two adjacent masses may be taken as C +- jp’p where j = 
V—1. In this case the amplitudes and torques in the solution 
become complex numbers whose lengths and phases as vectors 
are the maximum values and phase angles of the simple harmonic 
expressions. 


Therefore the optimum damping factor, since dm,/dp = 0, is 


2670 
25 
38.6! 
dx Ax 10225 
99.52 | = 
L2ss.3] 99.13 | 
cye x 
4429) 
55.65 
5875] 8438) 
7 
— 
ay. 
| 


TRANSACTIONS OF THE ASME 


5 FOR AMPLITUDE AT FLYW HEEL AND TORQUE AT NODE OF MOTIO 
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(.0338¢ 
TAN Y= =-27.556 , SINY=-—7993¥ Cos =,036266 


255.3, E=so338¢, (E) = , = . ¥83367 


My = Sin(enz + y,') 


(6, (meg gid SINY 
4 ) X BETWEEN 5.875 & 6.87 


Je 


NORMAL PHASE JQ, = 18.663 , = :0007670 


2 3 4 6 1 

n x(2) TANG) = 666%6 


3883n TaN 6) y)+(2) 
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DAMPING PHASE (8p) = Mx 036266 
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=-€,160 — 
loe 
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10S 1.Ox 66646 foe 
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nx 
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‘BIS | 12.62 | 1697 | 25646] 102.62 21848 | SINITE2L = 
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On the Solution of the Reynolds Equation 


for Slider-Bearing Lubrication—IT 


The Viscosity a Function of the Pressure = 


By A. CHARNES? ann E. SAIBEL,’ PITTSBURGH, PA 


The solution of the Reynolds equation for slider-bearing 
lubrication is given for the finite bearing, side leakage in- 
cluded, when the viscosity is a known function of the pres- 
sure. The solution for the pressure distribution is ob- 
tained readily from the corresponding case of constant 
viscosity. The design factors total load, center of pres- 
sure, friction force, and side leakage 
tained, but, in general, the integrals involved must be 
Qualitative properties of the 


also may be ob- 


worked out numerically. 
pressure, total load, and center of pressure are obtained. 


INTRODUCTION 


FYE effect of the pressure variation of viscosity on the lubri- 
| cation of plane sliders has been shown to be important when 
the fluid pressures reach values high enough to affect the 
viscosity (1). The increase in viscosity with an increase in 
pressure for normal lubricating fluids has been reported by many 
investigators, and relationships between these quantities both of 
an empirical and theoretical nature are available (2, 3). 

Hitherto, exact solutions of the slider-bearing problem which 
take account of this variation have been confined to bearings of 
infinite width: that is, side leakage has been neglected. 

It is the purpose of this paper to present an exact solution for 
the bearing of finite width when this variation of viscosity with 
pressure is taken into account. This exact solution for the pres- 
sure distribution is found to depend in a very simple way on the 
solution for the pressure distribution for the slider bearing when 
the viscosity is treated as constant. For this purpose, any of the 
existing solutions for the flat or exponential slider bearing with 
constant viscosity may be used (4). 

In addition to the exact solution, qualitative results on the 
pressure distribution, total load, and center of pressure are ob- 
tained. These are believed to be new and are of interest in the 
design of slider bearings. 


THrory 


The starting point is the equation of Reynolds for the slider 
bearing, Fig. | 


re) (~ o/h} Op oh 
( ) (1) 
Oor\ or oY OV or 
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matics of Carnegie Institute of Technology 

? Associate Professor, Department of Mathematics, Carnegie In- 
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where 
at 


p = pressure 


h= 
(' = velocity of slider (assumed to be in the x-direction ) 


r,y = co-ordinates in plane of slider ' @ 


thickness of oil film 


= coeflicient of viscosity 


It is assumed that yw is a function of p, that ins, ys = u(p). The 
following transformation, used by Muskat and Evinger (1) sim- 


plifies Equation [1]: 


Let 


where @ is a function of the pressure which will be interpreted 
later. Then 
Op 1 op 


or My dp or My OF 


Similarly 


OP 1 op od 


oy dp oy Oy 


Substituting Mquations [3] and [4] into Equation [1] there re- 


sults 
[h® ob (= od an oh 
= 
Or OF OV OY or 
which is precisely the Reynolds equation for the slider bearing 
when the viscosity is a constant wo, and @ may be interpreted as 
the pressure distribution for the viscosity. 


Since @(p) is only determined by Equation [2] to within an arbi- 
trary constant, we may specify it by taking @(0) = 0. _ 


case of constant 
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In what follows @ will be designated by the symbol p to em- 
phasize the fact that it is the pressure distribution for constant 
Viscosity fo. 
Knowing the solution of Equation [5] for p, the true pressure 
p may be found as follows: 
Integrating Equation [3] leads to 


= wo dp 
However, the specification @(0) = 0, reduces this to 
bp = OP) = fy 


Knowing the relationship between uw and p, Equation [7] may be 
integrated and p may be found in terms of p, the solution of which 
is known. 

Under the assumption of constant temperature, different rela- 
tionships between viscosity and pressure have been assumed or 
derived from various assumptions regarding the nature of the 
mechanism of viscosity. 

One such relationship which has had wide recognition and 
which originally was expressed as a purely empirical expression 
(5, 6) but has since been derived theoretically (3) is 

= [Mo [8] 
This is the specific relationship which will be used subsequently. 
Substituting from Equation [8] into Equation [7] 


ap 
or 
~ 


p 


Solving for pin Equation [9] we obtain 


In (1 ap) 


a 
where In denotes the natural logarithm. When p is known, it is 
seen that it is a simple matter to obtain p from Equation [10]. 

Note that as @ approaches zero in Equation [10], p approaches 
p which is what should happen as the viscosity « approaches the 
constant value jo. 

Furthermore, if the series expansion for In(1 


t ed for ap <1 


Since a and p are both nonnegative quantities, it may be seen 


ap) is used, 
equation [10] becomes 


(11) 


that at corresponding points 
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The relationship expressed by Equation [12] that the true pres- 
sure is never less than the pressure obtained under the assump- 
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tion of constant viscosity is generally valid and does not depend 
on the particular form of the relation chosen to represent the 
variation of with p. 
If the relation between yu and p is of the form shown in Fig. 2, 
then (du)/(dp) > 0, or pw is an increasing function of p. Then it 
follows that 


Pp 1 dy 


dp? Mo dp 


Consequently, p is a “convex” function of p, see Fig.3. From 
this it may be deduced that the pressure maximum for p must 
occur at the same point as the pressure maximum for p (7). 

It is evident from the form of Equation [10] that the pressure 
becomes infinite when ap = 1. This is not due to the particular 
form (exponential) assumed for the variation of viscosity with 
pressure although the particular value of p at which the solution 
becomes singular depends upon the form chosen to represent yw 
as a function of p. 

A schematic diagram of the relation between u 
in Fig. 4. The area under this curve from p = 0 to an arbitrary 
value of p multiplied by wo is equal to @ = pf from Equation [7]. 
As p goes to infinity, this area remains finite when the convergence 


‘and pis shown 


This finite value of the area corresponds to 
The 
remaining type of possibility, corresponding to a noninfinite true 


is faster than 
the value of p at which the true pressure becomes infinite. 


pressure for any value of p, is exemplified by a relation of the type 
M=A However, for lu- 
bricating oils in general, the increase in viscosity us the pressure 
Consequently, 


+ Bp, where A and B are constants. 


increases, is greater than linear in the pressure. 
some finite value of p will correspond to an infinite value of p. 
This interesting result in its general form does not seem to have 
been noted in the literature. To the extent that temperature 
effects may be neglected and bearing surfaces considered rigid, a 
physical limitation is imposed on the system. This may be inter- 
In particular, it may be thought of 
b, Uo, and 


preted in a variety of ways. 
as a limitation on U'/ho? for given values of L, B, a, 
a, The entire question is one which ealls for further study. 


Tora. Loap 


The total load on the slider is given by 


Ww p dr dy. 


JS JS In ap dr dy 
a 


In general, it will be necessary to resort to numericu! means to 
) 


. 
p 
= 
Kia. 2 Kia. 3 bic. 4 
= 
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effect the integration indicated in Equation [14]. However, a NUMERICAL EXAMPLE 


vornee sila bound can be obtained from the following inequality, The following example is given by Shaw and Macks (8) for a 4: 
slider bearing 


A log (1— ap) dA < | / | L 

ow 


Max film thickness = 0.00050 in. 
This may be written ho = min film thickness 0.00038 ing - 
1 U = 320 ips 
/ log (1 ap)dA & log (A aW) [16] My = 5 & 10°* reyn (SAE 20 oil) 
A Sa A Mean bearing temperature = 120 F 


where [V = a p @A and corresponds to the tetal load for the case — Considering viscosity and temperature constant, they find the 
of constant viscosity. Thus pressure at the center to be about S000 psi and a total load of 
_ 22,500 Ib. This is baked on the assumption of no side leakage, 
and constant viscosity. Considering the slider as finite and the 
viscosity constant, the Michell solution (4) gives 4730 psi for the 
center pressure and 9810 Ib for the total load. The solution of 
The inequality of the type used in Equation [15] is true for the Charnes and Saibel (4) gives 5050 psi for the pressure and 9650 Ib 
general class of convex functions rather than merely the logarithm for the total load. According to the work of Hersey and Shore 
function so that any slider-bearing problem having a convex fune- (5) and Dow (9) a medium oil having a viscosity of 5 microreyns 
tion for p(p) may be subjected to this treatment. As we have at 120 F has a value of a of about 15 & 10 in?/Ib. Using this 
indicated, this is always the case for physically plausible varia- — value together with the foregoing data, the pressure at the center 
tions of viscosity with pressure. is calculated from Equation {10} using the value of p from refer- d 
ence (4 


7 


Ovuer Design Facrors 


The other design factors such as center of pressure, coefficient UR 
of friction, and oil flow may be set up quite easily in terms of the O.142 - 
true pressure. The evaluation of the integrals involved, how- 
ever, is best done by any of the standard numerical methods. 


Although the details will not be presented here, the procedure 


and is equal to 9450 psi when the variation of viscosity is taken 4 
into account. 


will be exemplified by the calculation for the center of pressure a . : i 
Phe total load calculated from Mquation [17] gives 


¥. This is given by 
rp ar ay 
t= 
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a section of the slider bearing in the x, 2-plane. The distributions | Jiscussi mn 

of p and p areshown. In accordance with Equation [12]}p 2p) .« 

and as pointed out herein, the maxima occur at the same value of By H. Buok.® The present paper is thought to be very useful 
zr. It has been shown by the authors that the effect of increas- for obtaining a coherent view into the field concerned: this ix 
ing the ordinate of the p-curve by a fector which increases with particularly true if this paper is read in conjunction with the 
an increase of is to displace the centroid of the curve toward — papers to be mentioned in the footnotes.6 75" 

the position of the maximum ordinate. The proof of this as ® Professor of Mechanical Engineering, Technical University, Delft, 
well as other properties of these curves will appear elsewhere. Holland 
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The basic transformation indicated by Equation [2] seems to 
date back to 1925, when it was used by Prof. W. Weibull.* It 
would appear, that, because it is in Swedish, this paper is less 
known than it deserves; this may explain why repeatedly the 
transformation has later been arrived at independently by others. 

A short abstract of, and some extensions and physical limita- 
tions to, the paper of Weibull was recently given in a paper by 
the writer,’ which was read before the 1951 Third World Petro- 
leum Congress 

Finally, still more information can be obtained from a paper,* 
which was read by Prof, E. M’Iewen before the recent Gear Lubri- 
cation Symposium in London, In this paper the viscosity-pres- 
sure function is represented by the power relationship suggested 
in a paper by Hersey and Lowdenslager,® instead of by Weibull’s 
and the authors’ exponential relationship? In the diseussion to 
this paper it was pointed out that the two sets of results deduced 
from the two relationships bear a close similarity to one another 
if they are expressed in the unifying manner indicated in that dis- 


For the design of journal bearings, design 
Certain 


H. J. Henry.” 
factors such as pn/p, pU together with p are considered, 
eritical values of these design factors for a number of bearing ma- 
terials have been compiled from values obtained from existing 
journal bearings that function properly. Bearings designed on 

“Glidlager-Teorit med Variabel Viskositet’’ ('Theory of Slider 
Bearings With Variable Viscosity’), by W. Weibull, Teknisk 
Tidskrift Mekanik, vol. 55, 1925, pp. 164 167. 

7 “Temperature — Pressure Relationship,”” by H 
Proceedings of the Third Works Petroleum Congress, bk. J 
Leyden, Holland, 1951, section vii, pp. 304 319 

of Variation of Viscosity With Pressure on the Load- 
Carrying Capacity of the Oil Film Between Gear Teeth,"’ by E 
M'Ewen, Gear Lubrication Symposium, London, 1952; to be pub- 
lished in the Proceedings of the British Lustitute of Petroleum. 

* Film Thickness Between Gear Teeth —-A Graphical Solution of 
Hallson's Problem,’ by M. bk. Hersey and D. B. Lowdenslager, 
Trans. ASME, vol. 72, 1950, pp. 1035 1042 

' Director of Engineering, Chicago Pneumatic Tool Company, 
Franklin, Pa. 
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the safe side of these design factors on occasion fail. The reason 


for this failure may be difficult to ascertain. There are perhaps 
dozens of other design factors which might have been considered, 
any one of which might have caused the failure. 

In the case of slider bearings, we can hope for a more exact 
analysis to give us more reliable design factors. The usefulness 
of this analysis, if more reliable design factors are compiled, should 
be apparent. 

The writer would like to ask the authors whether there has 
been, or is contemplated, any correlation of this work with values 
of load-carrying capacity obtained experimentally. Certainly 
the usefulness of this work would be extended. 

One inconsistency in the paper is noted. In deriving the rela- 
tionship for pressure, viscosity at a given temperature is taken 
as function of pressure. The viscosity certainly varies with tem- 
perature as well as pressure, Is it sufficiently accurate to con- 
sider the temperature of the oil film as being constant? 


AutHors’ CLOSURE 


The authors wish to thank Professor Blok for his interesting 
and helpful diseussion. The transformation used in Equation 
[1 | to relate the problem to that of constant viscosity is a stand- 
times in works on 


ard one which has been used from earliest 


differential equations. It was not the intent of the authors to 
attribute it to any one in particular in the lubrication field. It 
is interesting to know that it has been found useful by several 
authors in this field. As Professor Blok points out, the particular 
form of the viseosity-pressure relationship does not affect. the 
general conclusions arrived at in the present paper. 

In Jater papers the authors and F. Osterle consider viscosity 
as a function of both pressure and temperature. This consti- 
tutes an adiabatic treatment; the present one is isothermal. 
Between the two lies the true situation. 


the question of Dr. Henry, there is no inconsistency. 


Thus in answer to 
The 
authors contemplate some experimental work in the future and 
indeed would like very much to see work of this sort carried on 
in other places too, 
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Shear-Angle Relationship 


Metal Cutting 


: By M. C. SHAW,! N. H. COOK,? anno 1. FINNIE,“ CAMBRIDGE, MASS. 


The several analytical solutions that have been pre- 
sented for the shear angle in metal cutting are described 
briefly and the underlying assumptions critically dis- 
cussed. The friction process that obtains in cutting is 
considered in detail and it is shown that a variable re- 
straint and accompanying variation in the effective hard- 
ness of the metal cut constitute a major difference be- 
tween ordinary friction and that between chip and tool. 
This variation in relative restraint and effective hardness 
accounts for the wide variation of coefficient of friction 
with rake angle observed in metal cutting. Furthermore, 
this variable restraint constitutes a significant connecting 
link between shear and friction processes, and is respon- 
sible for the shear plane mot being in the direction of 
maximum shear stress in the general case. These new 
concepts are incorporated with the best features of pre- 
vious work, and an equation is presented, in which the 
angle between the shear plane and direction of maximum 
The 


for shear angle is illustrated and discussed with the aid of 


shear stress figures prominently. new equation 
experimental cutting data covering a wide range of operat - 


ing conditions. 


INTRODUCTION 
NE of the most important and persistent) problems in 
metal cutting is that of deriving a relationship for the 
shear angle. 
shear zone is usually observed, which separates the chip from the 


Th 


When metai is cut a thin and well-defined 


WORK 


hig. 1) THe SuHear ANGLE 

main body of the workpiece, Fig. 1. The angle @ which this 
shear zone makes with the cutting-velocity vector Vis called 
the shear angle. While the shear angle may be obtained from 
! Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology. Mem. ASME. 

2 Instructor of Mechanical Engineering, Massachusetts Institute 
of Technology. 

Shell Fellow, Mechanical Engineering Department, Massachu- 
setts Institute of Technology. 

Contributed by the Production Engineering Division, Cutting 
hluids Research Committee and the ASTM and presented at the 
Semi-Annual Meeting, Cincinnati, Ohio, June 15-19, 1952, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Manuscript received at ASME Headquarters, April 28, 
1952. Paper No. 52-—-SA-51. 


chip-length measurements or more directly from a photomicro- 
graph, it is important that the relationship between this easily 
measured angle and other operating variables be known, if full 
the knowledge afforded by 


use is to be made of shear-angle 


measurements 
DIMENSIONAL ANALYSIS 
To begin, we might perform a dimensional analysis in an effort 
to determine the nature of the relationship that is to be expected 


lor @. 
pletely the geometry of the two-dimensional process shown in 


In addition to @, two quantities are needed to define com- 


Two 
a shearing 
action along the shear zone, and sliding with friction along the 
tool face 


hig. 1, namely, the rake angle @ and the depth of cut 


distinct operations are involved in the cutting process: 
The coeflicient of frietion (a tan is usually suf- 
ficient to characterize a friction process and the shear stress 7 will 
usually characterize the dynamic aspects of a shear process. The 
cutting velocity V, together with the geometry of the process 
fix the kinematics of the system. 


, will 
It would then appear that the 
several quantities that might figure ina determination of the an- 
gle @ are those listed in Table 1, where #, L, and 7 vefer to the 
When a di- 


mensional analysis is performed in the usual manner (1)* we ob- 
fain 


fundamental dimensions of force, length, and time. 


= ¥(a, {1] 


which states that the shear angle @ is a funetion of a and B only, 


Review or Past Work 


There have been several notable attempts in the past few years 
to derive a complete physical equation corresponding to equation 
{1}. 


be briefly outlined followed by a discussion of this work. 


The reasoning followed in these several analyses will next 


In 1937 Piispanen (2) presented a graphical analysis for the 
shear angle, which was equivalent to the second analysis of Mer- 
chant given in the following. However, inasmuch as this early 
work did not lead to an analytical expression it will not be consid- 
ered further 

In 1941 Ernst and Merchant (3) presented the analysis given 
in Table | for the shear angle 


PABLE | DIMENSIONAL 


Quantity 
Shear angle 
Rake angle 
Depth of cut 
Friction angle nied 
Shear stress FL 
Cutting velocity LT 


ANALYSIS FOR SHEAR ANGLE 


Symbol Dimensions 


In Fig. 2 the forees at the point of a tool are shown. Assum- 
ing the shear stress on the shear plane 7 to be uniformly distrib- 


uted, it is evident that 


Rh’ cos (@ + B 
A 


-a)sin (2) 


Where A, and A are the areas of the shear plane and that corre- 


‘Numbers in parentheses refer to the Bibliography at the end of 
the paper 
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sponding to the width b, times the depth of cut ¢, respectively 
Ernst and Merchant reasoned that @ should be an angle such that 
7 would be a maximum, and a relationship for @ was obtained 


by differentiating Equation [2] with respect to @ and equating 
This led to the result 


the resulting expression to zero 


(3 


However, it is to be noted that in differentiating, both 2’ and B 
were considered independent of @ 

In 1945 Merchant (4) presented a different derivation that led 
to Equation [3]. This time, an expression for the total power 
consumed in the cutting process was first written 


sin cos + a) 
It. was then reasoned that @ would be such that the total power 
would be a minimum, An expression ylentical to Equation [3] 
was obtained when P? was differentiated with respect to @, this 
time considering 7 and Bto be independent of ed. 

This is what Piispanen (2) had done previously in a graphical 
way. However, Piispanen immediately carried this line of rea- 
soning one step further and assumed that the shear stress 7 would 
be influenced directly by normal stress on the shear plane o as 
follows 


T T + Ko {5} 


Piispanen then incorporated this observation into his graphical! 
solution for the shear angle, 

Upon finding Equation [3] to be in poor agreement with experi- 
mental data, Merchant also assumed a relationship as given by 
Equation [5] and proceeded to work this into his second analysis 


aus follows: 


From Fig. 2 it may be seen that 


rtan(@ + B a) 


or from Equation 


+ Artan(@ +B a) 


hence 
To 
K tan(@ + B-— a) 


When this is substituted into Mquation [4] we have 
To AV cos (B a) 
K tan (@ + B — sin @ cos + B 


Now when P is differentiated with respect to @ with 7» and B con- 
sidered independent of @ we obtain 


- a) 
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B a 


cot 


- 


Merchant called the quantity cot~'K the “machining constant” 
C. In Fig. 3 the quantity C is seen to be the angle the assumed 
and o makes with the 7-axis. 


line relating 


fF - - 


Between Flow Srkess anp NorMar 
Assumep BY PIISPANEN AND MERCHANT 


STRESS 


hia. 3 


Stabler (5) has presented an analysis of three-dimensional cut- 


ting operations in which an expression for shear angle is also pre- 
sented, When it was assumed that the maximum shear stress on 
the shear plane and the resultant shear strain were collinear, thén 
it followed from purely geometrical considerations that 


Lee and Shaffer (6) have derived still other relationships for @ 
material cut behaves as an 


These authors assumed (a) that the 
ideal plastic which does not strain-harden, (6) that the shear plane 
represents a direction of maximum shear stress in the material 


cut. 

Upon applying the principles of ideal plastic flow, 
boundary conditions based both upon the laws of statics and veloc- 
ity continuity, the slip-line field A-B-C in Fig. 4(a), was obtained 
It was found that region A-B-C must be plastically rigid and sub- 
ject to a uniform state of stress. This means that the stress at 
any peint in A-B-C may be represented by a single Mohr’s 
stress circle diagram, The diagram in Fig. 4(b), in fact, satisfies 


including 


B 
/ 
ae / d 
/ 


(a) Stress held at to« 


(6) Mohr's-circle diagrar 
Too.-Potnt Stress 


hic. 4 Iprau PLastic So_urion ror 


all requirements of the ideal plastic solution. Here point a cor- 
responds to the stress on face a in Fig. 4(a), i.e., on the shear 
plane, This is seen to follow the assumption that the shear plane 
is a direction of maximum shear stress. Line B-C in Fig. 4(a) is 


T 
| 
Vv 
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a line along which the stress is zero. Due to the double-angle 
feature of Mohr’s circle, the zero point of stress 6 in Fig. 4(b), 
which is 90 deg from point a, will be but 45 deg from point a in 
Fig. 4(a). Thus B-C makes an angle of 45 deg with A-B. Ina 
similar way point cin Fig. 4(b) represents the stress on face ¢ in 
Fig. 4(a), and the stress on the tool face is represented as point d 
in Fig. 4(b). 

From Fig. 4(b) it is seen that angle dbe = n, since angle doc = 
2n. Therefore 


{12] 


From Fig. 4(a) 


It is evident from Fig. 4 that the foregoing ideal plastic solu- 
tion indicates that the shear stress on the shear plane 7, and the 
normal stress on the shear plane g, should be equal. This, how- 
ever, is generally not the case and hence Equation [14] cannot be 
regarded as a general solution. Upon finding Equation [14] to be 
in disagreement with experimental data, Lee and Shaffer (6) as- 
sumed that a small built-up edge was normally present and that 
this built-up edge was responsible for the lack of agreement 
They then extended their analysis to include an idealized built-up 
edge bounded by straight lines and a circular are as shown in Fig. 
i(a). This time the slip-line field consisted of two parts, a rigid 
region A-B-C and a region of varying stress A-C-F having lines of 
mnaximum shear stress (slip lines) consisting of radial lines and cir- 
cular ares. The rigid region A-B-C is in a state of uniform stress 
and hence as before a single Mohr'’s-circle diagram is applicable 
for all points within this area. This diagram is given in Fig. 5(6) 
where 7, is the shear-stress axis. 

From ideal plastic theory it is found that a slip-line field such as 
A-C-F has the same shear stress at all points in a given direction 
relative to the slip lines, but the normal stress varies in propor- 
tion to the angle 68 turned through in going from point to point 
Thus, if the maximum shear stress is taken to be 7,, 
(where Tm is the radius of Mohr’s circle), then the norma! 
stress on line A-C) would be 7, but that along D-B 
would be 7,, + 27,, 6 while that along slip line /-B would 


26 
be + ( The same Mobhr’s circle that was used 
for region A-B-C also can be used for region A-C-F provided the 


T-axis is shifted in proportion to angle @. Thus the stresses for 
points along line D-B are given by the circle in Fig. 5() if the 7 
“xis is at T,, the stresses for points along line F-B are given by the 
circle if the 7-axis is shifted to 7, while the stresses along line A-C 
(as well as all other points in region 4-B-C’) are given by the eir- 
cle when the 7-axis is at 7). 

From Fig. 5(a) it is evident that 


@=a4 


but from Fig. ah) 


and 
© = 45 + 6 B 


This differs from Equation [14] only by the angle 6, which is 
a measure of the size of the built- -up edge When there is no 
built-up edge, @i¢ zero and Equations [14] and [17] give the same 


result. From Fig. 5(/) it is evident that 


BUILT-UP EDGE 


(a) Stress field at tool point 


(b) Mohre's-cirele diagram 
hic. 5) Ipean Prastie SorutTion Wirn Present 


where o and 7 are the normal and shear stresses on the shear 
plane, respectively. Combining Equations [18] and | 19] 


From this it is evident that ¢ must no longer be equal to 7 as re- 
quired by the ideal plastic solution without built-up edge. How- 
ever, it is evident from Equation [20] that the solution with 
built-up edge requires that o be greater than 7, for otherwise, 
would be negative and this is physically impossible 

Hucks (7) recently presented a derivation which in many re- 
spects is similar to that of Lee and Shaffer, but was obviously ar- 
rived at without knowledge of the existence of their solution 
Hucks reasoned that the stress between the chip and tool along 
the tool face could be considered uniform in accordance with the 
principle of Saint Venant inasmuch as the length of chip-tool eon- 
tact would be small compared with the distance along the shear 
plane. Then as usual, he assumed the shear plane to be in the di- 
rection of maximum shear stress Hucks further reasoned that 
the resistance to flow in the direction of chip motion would be rela- 
tively small and thus considered the stress on face bin Pig. 6(a), 
to be zero. The Mohr’s-cirele diagram corresponding to this set 
of assumptions is shown in Fig. 6(1) 


Here it is evident that 
tan 2w = 


where pis the coefficient of frietion on the tool face, 
From Fi 6(a) 


| 
Ps 
1000 
and hence from Equations [12] and [13] 
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and from Fig. 
n+w= 45 deg 
Combining Equations [21] to [23] we obtain 


wt+a 


where 


w tan Qu 25 


It may be seen from Fig. 6(6) that B > w and thus Equation 
{24] will vield values of @ that 
from Equation [14]. 


are larger than those obtained 


(b) Mohir's-circle diagram 


hia. Hueck's Sonurion ror 


Poot-Point Srress 


In order that the stress on face bin Fig. 6(a) be zero under all 
conditions, it is necessary that the 7-axis intersect the stress circle 
at some point b, as in Fig. 6(b). This requires that the shear 
stress on the shear plane 7 always be greater than @ the nor- 
mal stress on the shear plane. Inasmuch as o is frequently ob- 
served to be greater than 7, Hucks’ solution cannot be correct, in 
general 

Hucks (7) also extended the foregoing treatment to include the 
While the origin 


of the concept that shear strength is dependent upon normal 


influence of normal stress on the shear plane. 


stress is not clear, it was put forth and demonstrated as long ago 
as by O. Mohr (8). 
with the aid of Mohir’s stress cireles as shown in Fig. 7. 


This idea may be expressed graphically 
Here the 
shear strength is seen to correspond to point A. when the shear 
plane is subjected to a compressive stress but only to stress A, 


A, ¥ tan'k 

10, 


Monr’s Criterion oF SHEAR STRENGTH 


Pra, 7 
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When the normal stress is tensile. The solid curve between points 
A, and A, is Mohr’s strength criterion. It is to be noted that 
failure does not occur at the point of maximum shear stress, but 
at an angle from this point on Mohr’s stress circle, i.e., at points 
A, and A,. While Mohr actually suggested that his strength cri- 
terion actually might hold for flow stress as well as breaking 
stress, he did not present any experimental data in support of this 
extension, 

Piispanen (2), Merchant (4), and more recently Huecks (7) ap- 
plied Mohr’s strength criterion to the flow stress in metal cutting 
If the curve between A, and A, is assumed to be linear as in Equa- 
tion [5], (dash line in Fig. 7) then it is evident that 


y = 


Since W is the Mohr’s-circle angle between the actual point of 
failure and that corresponding to the point of maximum shear 
stress, it is evident that the effect of the assumed variation of 


tan AK {26 


flow stress with normal stress upon Fig. 6 would be to move points 
aand ¢ counterclockwise through the angle y. This will cause 2 7 
to be less by the amount W and hence (from Equation [22]) @ 
will be less by the amount W/2. 
-corporated into Hucks’ solution, we obtain 


tan 'K 


Thus, when Equation [5] is in- 


i—-wta {27 ] 


o = 
af 


we of 


9 
where cot | A is what Merchant has called the machining con- 
stant. If the effect of normal stress also were to be incorporated 
into the Lee and Shaffer treatment, the effeet would be to move a, 
in Fig. 4(b), counterclockwise through an angle Y, away from the 
point of maximum shear stress, and Equation [14] would become 
cot 
= B+ a 


(29 | 


In Table 2 the several equations that have been reviewed in the 
foregoing section are collected for convenience of reference. 
SHEAR 


EQUATIONS FOR ANGLE 


4 BUILT-UP 


COLLECTION OF 
WITHOUT 


TABLE 2 


Source equation Equation 
Ditensional analysis (a, B) 
and Merchant (3] 15 a/2 
cot ' K 
Merchant {10} = 8/2 + a/2 
Stabler til] o 45 B+ae 
Lee and Shaffer {l4] Bta 
Lee and Shaffer {17} a* 
tan '2 
Hucks @= 45 
cot 'K 2y 
Hucks [28] a 


* With built-up edge of magnitude @ 


Discussion or Past Work 


All of the equations in Table 2 are in agreement with the di- 
mensional analysis with the exception of Equations [10] and [28]. 
These equations include the effect of normal stress on the shear 
plane, which was not included in the dimensional analysis.  How- 
ever, this does not mean that the dimensional analysis is neces- 
sarily incorrect. 

When the various equations are tested against a wide range of 
experimental data, some are found to be in better agreement 
than others, but none is found to be really satisfactory. When 
the observed angle @ is plotted against (— 8 + a@) for a wide 


= 
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range of rake angles, the points are found to lie along a straight 
line whose slope indicates that 


@ = const —B +a. {30} 


However, the value of the “constant” is not always the same, nor 
does it correspond to the values given by the equations of Table 2. 
Before attempting toextend the work that already has been done 
on this problem it may be well to consider briefly the assumptions 
on which the several derivations have been based. 

In Ernst and Merchant's analysis leading to Equation [3], the 
following assumptions Were mad: 


1 That the shear stress is a maximum in the direction of the 
shear plane. 

2 That the coefficient of frietion is independent of the shear 
angle. 

3 That the resultant foree 2 is independent of the shear angle. 
All three of these are questionable. Items 1 and 2 will be dis- 
cussed in the next section; item 3 is obviously incorrect since an 
examination of cutting data reveals a strong dependence of Ron 

In the second derivation of Equation [3], a different set of as- 
sumptions were made as follows: 


4 That the angle @¢ is such that the total power is a minimum. 

5 That the coefficient of friction is independent of the shear 
angle. 

6 That the shear stress on the shear plane is independent of 


the shear angle. 


There is no clear physical reason why item 4 should be true. 
Many examples may be found in nature in which nonconserva- 
tive processes, such as that of metal cutting, clearly occur in such 
amanner that the energy consumed is not an extreme, It is inter- 
esting to note that a minimum-energy principle similar to item 4 
was proposed in the 1926 edition of Hiitte (9) (but not in subse- 
quent editions), and applied to metal-forming operations. — It was 
apparently this source which led Piispanen to adopt the mini- 
Inum-energy concept in his calculations, Speaking of the deriva- 
tion of Equation [3], Hill stated in his recent book (10) on plas- 
ticity: ‘The comparative failure of this theory is almost certainly 
due to the inadequacy of the minimum-work hypothesis.’’ As al- 
ready mentioned, item 5 will be discussed Jater. Assumption 
6 is only roughly approximate. The shear stress on the shear 
plane usually is observed to increase or decrease significantly as 
the shear angle is decreased. 


In deriving Equation [10| assumption 7 which follows was in- 


troduced in addition to items 4, 5, and 6. 

7 That the flow stress of the metal is increased by the pres- 
ence of a normal compressive stress on the shear plane. 

While it is well established that the rupture stress of both brit- 
tle and ductile materials is increased significantly by the presence 
of a compressive Stress, as suggested by Mohr, there is no clear 
evidence that a similar relationship holds for flow stress as as- 
sumedin 7, Although several isolated test results are to be found 
in the literature which seem to indicate a dependence of flow stress 
on normal stress, these tests are generally so complex that one ean- 
not be sure that they are being interpreted correctly. On the 
other hand, several fairly clear-cut experimental observations, 
such as the fact that the vield points of metals in tension and 
compression are equal (11), may be cited in support of the view 
that flow stress is virtually unaffected by normal stress. A thor- 
ough discussion of this question would require more space than is 
available here, and hence will be deferred to a later paper. 


As already mentioned, Stabler’s Equation {11 | is based upon 
the assumption: 


8 That the maximum shear stress and shear strain are collinear 
on the shear plane in three-dimensional cutting operations 
Since it has been demonstrated experimentally in a recent paper 
(12) that assumption 8 is incorrect, Mquation [11] will not be 
considered further, 


In deriving Equation [14] it was assumed that: 


9 The material cut is an ideal plastic. 

10) The shear plane is along the direction of maximum shear 
stress. Now, nearly all metals that are machined do not behave 
as ideal plastics. The strain-hardening that occurs when metals 
are cutis very important. However, despite this fact, assump- 
tion 9 does not lead to a poor approximation for the reason that 
it is applied only to a region in which the material is essentially 
rigid, ice., A-B-C in Fig. 4. All of the strain-hardening that 
takes place occurs as the metal crosses line A-B, and this is before 
the ideal plastic assumption is applied to the material within area 
A-B-C. Equation {14} could be derived directly without intro- 
ducing the ideal plastic concept by making another assumption 
that is equivalent to 9, as follows: 

11) That a uniform stress field exists in the vicinity of the tool 
point. This assumption together with 10 will yield the picture 
shown in Fig. 4, as well as Equation [14]. Assumption 10 will be 
discussed in detailin the next section 


equation |17| differs from [14] only by the introduction of a 
built-up edge. In the treatment of the built-up edge the ideal 
plastic assumption must be considered as an approximation, since 
the material within zone A-B-D of Fig. 5 is actually highly de- 
formed However, if the built-up edge is small the degree of 
approximation associated with assumption % is probably slight 
since area A-B-D) will then be small compared with A-B-C, 

n deriving Equation [24] the following assumptions were 


made: 


12) The stresses along the tool face and shear plane are uni- 
formly distributed, 

13) The shear plane is along the direction of maximum shear 
SUress 

14. The normal stress on a plane perpendicular to the tool face 
is zero, Assumption 12 appears to be reasonable as a first ap- 
proximation. Item 13 will be discussed in the next section. 
Assumption 14, however, appears to be a purely arbitrary one. 
While we should expect the normal stress on tace (b) of Fig. 7 to 
be low there is no reason Why it has to be zero. It would appear 
better to assume a uniformly stressed area as suggested by the 
ideal plastic solution (A-B-C in Fig. 4), one side of which has a di- 
rection such that both the normal and shear stresses are zero si- 
multaneously. Tf assumption 14 is adopted there is no line cor- 
responding to B-C in Pig. 4(a) beyond which the stress in the tree 
chip is zero. 


Equations [24] and [28| differ only by the introduction of the 
previously discussed concept of influence of nornial stress on flow 
stress, 

From the foregoing discussion of the assumptions on which the 
several equations for @ are based, it would appear that all but 
Mquation [14] should be disearded on the basis of serious objec- 
tions to the underlying assumptions.  Tlowever, as noted at the 
beginning, of this section, the constant in lquation [30] is not 
found to be 45 deg as given in Equation [14], nor, in faet, is it 
always the same. In the next section we will examine the as- 
suliption that the shesr plane is in the direction of 
shear stress to determine if this is responsible for the value of the 
constant in Equation (30| not always being 45 deg 


FRICTION AND SHEAR CONSIDERATIONS 


The sliding of one dry surface over another is governed by three 


&g 
‘ 


so-called Jaws of friction. These state that the coefficient of 


sliding friction is independent of the following: 


d Applied load. 


2 Sliding velocity. 
$3) Area of contact. 


These general rules hold quite well for dry clean metals sliding 
in air. However, if we examine dry-cutting data for a given tool- 
metal combination, obtained using a wide range of rake angles, 
we find a large variation in the coefficient of friction. It is not 
uncommon for the coefficient of friction to vary from about 0.5 for 
10 deg to about 2.0 for a rake angle of 45 deg 
This represents an increase 

Such a variation is 
Thus it would appear 


a rake angle of 
when steel is cut with an HSS tool. 
in the coefficient of frietion of 300 per cent. 
unheard of with ordinary sliding contacts, 
that there is a fundamental difference between the friction on a 
tool face and that between two ordinary sliding contacts. 

There is considerable experimental evidence supporting the 
view that the friction of clean metallic contacts is due primarily to 
When two clean sur- 
faces are brought together under the action of a normal loud, a 
1, is developed by plastic flow, that is just 
If the hardness of the metal is 
The friction force 


the welding of surface asperities (1, 13). 


real area of contact 
sufficient to support the load 
TH, then the applied load will equal (ryA,). 
will be equal to (7sK.A,), where 7s is the surface shear stress re- 
quired to rupture the welds and («A,) is the fraction of the real 
area of contact over which welding has occurred. Then the 
coefheient of friction ysis 


T kA, KT 


i 
THA, Ty 


From this equation it is evident that the coefficient of friction 
for sliding contacts may be made small by use of the following: 


A lubricant to decrease «2 
Metals for which ty is small 
Metals that are hard 


6 The action of a cutting fluid is to react chemically with the chip to 
form a low-shear-strength nonmetallic solid at the chip-tool interface 
and thus reduce the real area of metallic contact. Since the shear 
strength of the nonmetallic material will be small compared with that 
of the metal we may ignore its effect in computing the fracture force. 
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For heavily loaded sliding surfaces a solid lubricant may be 
used to reduce «x, such as that which is produced in situ when an 
effective extreme-pressure lubricant (cutting fluid) is employed. 
Inasmuch as the individual weld areas are very tiny, the value of 
Ts Should correspond to the theoretical strength of the softer and 
weaker of the sliding pair. This theoretical strength has been 
shown to be approximately equal to G/27 in reference (14), where 
G is the shear modulus. The value of 7, will normally be less 
than the theoretical strength since there is considerable flow in 
bulk associated with the development of the real area of contact. 
Therefore we may write Equatiog [31] as follows 


It is evident from this equation that when a given metal is cut 
in dry air and under a wide variety of conditions, we should ex- 
pect to obtain a constant coefficient of friction, provided the 
hardness of the metal remains constant. The fact that pu is not 
constant for all cutting conditions indicates that the effective 
hardness of the metal may not always be the same in cutting, even 
though the material be perfectly homogeneous. In making 
hardness tests of the Brinell type care must be taken that the 
specimen tested is sufficiently thick, or else a hardness reading 
that is too high will be obtained as a result of the restraint intro- 
duced by the anvil. Similarly a higher hardness would be indi- 
eated under the conditions shown in Fig. 8(a) than under the 
conditions of Fig. 8(b). In Fig. 0(a and 4) stress fields of the Lee 
and Shaffer type are shown for negative and positive-rake tools. 
In Fig. “Ce and d) the stress fields are shown with the shear 
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planes indicated as rigid restraining surfaces and the tool-face as- 
perities as series of smal] spheres. The metal at the tool point ob- 
viously will resist penetration of sphere A to a greater extent in the 
case of Fig. 9(c) than 9(d), owing to the relative positions of the 
restraining surfaces (shear planes), The metal that flows before 
sphere A must move predominantly to the right in each case be- 
cause of the asymmetry of the system. Metal flowing from in 
front of sphere A will move into the way of sphere B and hence 
the effect of the restraining surface will be transferred from 
sphere to sphere to the right. It is evident that the influence of 
the flow from one sphere to the next will be far greater in the case 
of Fig. 9(c) than 9(d). Therefore, according to Equation [32], 
the negative-rake tool should operate with a lower coefficient of 
friction than the positive-rake tool as a result of the difference in 
restraint. 

Thus the coefficient of friction in cutting is influenced by the 
shape of the stressed zone and hence is a function of the shear 
angle. Furthermore, it is not permissible to apply coefficients of 
friction that are obtained in ordinary sliding tests to the cutting 
process because of the complex way in which the effective hard- 
ness Which results from variable restraint varies with those cut- 
ting conditions that produce a change in the shear angle. 

The stress field that exists between the tool face and the shear 
plane influences not only the coefficient of friction that obtains, 
but also the direction of the shear plane. If this connecting stress 
field were not present and the shear process occurred without in- 
fluence from the friction process we should expect the shear plane 


CHIP 


hie. 10) Forer at Pownr or Toot 
However, con- 
sider a tool operating with a fixed resultant force /? as in Fig. 10, 


to be in the direction of maximum shear stress. 
and hence a given coefficient of friction uw = tan 6B. In order to 
achieve this value of wa given effective hardness and hence a 
given restraint are required. To get this restraint, shear plane 
A-B must have a particular position which need not correspond 
to the directions of maximum shear stress. 

Thus we have considered the two remaining assumptions from 
the preceding section and have found that, in general: 


1 The coefficient of friction is not independent of the shear 
angle 
2 The shear plane need not be in the direction of maximum 


shear stress. 


These new concepts will now be incorporated into the theory of 
cutting. 
EXTENSION OF THEORY 

4. 

When a photomicrograph of a partially formed chip is exam- 
ined it is found that essentially all of the plastic deformation is 
confined to a small zone along the “shear plane,’ and therefore 
the material between the shear plane and the tool face, across 
which the cutting force is transmitted, may be regarded as rigid 
A good approximation is afforded by the assumption of a uniform 
state of stress in the region between shear plane and tool face. 
Furthermore, as in the ideal plastic solution, it seems reasonable 
to consider the stressed region to be bounded on its third side by a 
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line on which the stress is zero. In view of the arguments pre- 
sented in the preceding section the shear plane is not assumed to 
lie in the direction of maximum shear stress. 

Because of the assumed uniform state of stress, a single Molhr's 
stress circle will suffice to give the stresses in all directions at any 
point in the stressed zone, In Fig. 11 (a, b) the stress field at 
the point of a tool having a 10-deg rake angle is shown, together 
with the corresponding Mohr's-circle diagram. Here point a repre- 
sents the stress on the shear plane, and d the stress on the tool 
face. The angle between shear plane and direction of maximum 
shear stress 9’ has been taken equal to 10 deg, while the friction 
angle for the tool face B is 35 deg. The resultant forces BR 
and F’, the limit line of the stressed zone B-C, and the maximum 
principal stress are all in the same direction as shown in Fig. 


ll(a). From Fig. 11(a) 


and 


therefore 


+7’ 


where 7’ is considered to be positive when point @ is clockwise 
from the point of maximum stress in a Mohr’s-circle diagram such 
as Fig. 11(b). 

Let us next consider, for a given rake angle, the direction in 
which point a in Fig. 11(6) must move when the coellicient of 
friction is decreased, as by use of a superior cutting fluid, The 
first effect such a fluid would have would be to decrease the quan- 
tity kin Equation [32]. This would produce a decrease in 8 and 
hence an inerease in shear angle @, provided 7’ is considered un- 
changed (see Equation (85]). This increase in @ would eause an 
increase In the degree of constraint at the tool point, and hence 
an increase in the effective hardness of the metal ry. The in- 
creased hardness would produce a further lowering of 6, an 
increase in @, and soon. Thus it is evident that a condition of in- 
stability would result, in which @ continued to increase until angle 
B went to zero, if angle 7’ were to remain unchanged when § de- 
creased, In order that the increase in @ that accompanies a de- 
crease in B be of reasonable amount, it is necessary that 9’ decrease 
if positive, or increase if negative when Bis decreased, Further 
more, inasmuch as an increase in @ is always observed exper 
mentally when § decreases, then from Mquation [35] it is evident 
that the change in 7’ must be less than the changein B. [tis thus 
seen that a counterclockwise motion of point din Big. 114) must 
always be accompanied by a counterclockwise movement of point 
a of lesser amount, regardless of whether 7‘ is positive or negative 

The tool-point stress fields shown in Fig. Li(e, 2) are for eases 
Where the coefficient of frietion on the tool face is, respectively, 
vreater and less than that in Fig. bi(a) 
Fig. li(a) were for a case where a plain mineral oil was used, let 
us first consider what might happen if no fluid other than air were 


If the stress pattern in 


to be used. The value of « in Equation [32] would increase and 
this would result in an increase in the coetlicient of frietion of 
from, let us say, B = 35 to 45 deg as n changes from 10 to O deg 
Now, this increase in 8 will cause a lesser increase in 7’ of, let us 
say, deg (nis then 15 deg) and hence from Mquation [35] 


+ 10 


25 deg 


The points with subseript Lin Pig. 11(b) correspond to the fore- 
going case of dry cutting, and the corresponding tool-point stress 
pattern is given in Fig. I1(c) 

It should be noted that not all of the 10-deg change in B as 
sumed in the example is due to an inerease ink. A substantial 
portion will be due to the afore-mentioned decrease in restraint and 
accompanying decrease in hardness that result from the initial 
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(a, Stress field at tool point with medium friction: a@ 
at tool point with high friction: a@ 0 deg, 8 45 deg. » 
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rata 


10 deg, 8 


increase in B due to «x. It is thus evident that in the cutting 
process small differences in lubrication efficiency are capable of 
much larger changes in the coefficient of friction than in the case 
of ordinary sliding contacts, by virtue of the changing condition 
of restraint. 

If, in the example of Fig. 11(@), a better fluid had been used 
which resulted in a decrease in x, the coefficient of friction could 
he reduced to 25 deg. As a result, 9’ 
less (let us say, 5 deg less, making 9’ = 5 deg) and hence from 
Mquation [35] 


should be expected to be 


@= 45 +5 —25 + 10 = 35 deg 


This example is represented by points in Fig. 11(6) having sub- 
seript 2, and the corresponding tool-point stress pattern is given 
in Fig. 11(d). 

In the examples of Fig. 11 the shear stress 7,, (radius of Mohr’s 
circle) was considered to remain constant as the coefficient of 
friction changed. In practice, 7,, may either increase or decrease 
when the coefficient of friction for a given tool is decreased (and 
hence the shear strain y is decreased), The reason for this situa- 
tion is to be found in the fact that there are two major items which 


control 7,,. These are as follows: 


1 The degree of strain-hardening the metal undergoes and the 
shear strain which it obtains, 
2) The thickness and character of the shear plane. 


If a single stress-strain curve were involved when a given metal 
was cut, then 7,, would always increase with an increase in shear 
strain Y owing to strain-hardening. However, it has been shown 
recently (15, 16) that the thickness and shape of the “shear 
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Stress av Toot Point in View or New Concerts oF Fiction AND SHEAR 


10 deg = 10 deg. 6. Mohr's circle diagram. c, Stress field 
15 deg. d. Stress field at tool point with low friction: a = 10 deg, 
5 deg 


plane’ changes with the coefficient of friction, and this in turn 
causes T,, to vary because of a variation in the rate of strain and a 
size effect. Since it happens that item 2 causes a decrease in T,, 
with increased (and hence increased @), it then follows that r,, 
may either increase or decrease when B is altered, depending upon 
the relative magnitudes of the opposite effects due to strain-hard- 
In most 
practical cases 7,, is observed to increase with increased coefficient 


ening and change of shear-plane thickness and shape. 


of friction which would indicate that in these cases the strain- 
hardening effect is predominant. 

In Fig. 11 it is evident that the resultant force R becomes more 
nearly parallel to the cutting velocity vector V and also decreases 
in magnitude as the coefficient of friction is decreased. There- 
fore the foree component on the tool tending to make it deflect 
and alter the intended depth of cut decreases with coefficient of 
friction for a double reason. The tool-foree component normal 
to the velocity vector will become zero when B is just equal to a. 
Should 8 become less than a, then the foree component normal to 
V is directed so as to pull the tool into the workpiece. Under 
certain conditions when B < a, a condition of instability may be 
encountered and the tool may dive into the workpiece. For this 
reason, unless the tool support is very rigid it is advisable that the 
rake angle not be so large that B becomes less than a. 

It is now clear why the result of the dimensional analysis is not 
in agreement with experimental data. In performing the di- 
mensional analysis, the interrelationship between @ and B, which 
results from a variable restraint, was not recognized and @ and B 
were treated as independent. The angle 7’ (i.e., the angle be- 
tween the shear plane and the plane of 7,,) is a measure of the de- 
gree of restraint that exists and this angle should have been in- 
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cluded in the dimensional analysis. When this is done we have 


= Bn’). 


which is obviously now in agreement with Equation [35] 

Should a small built-up edge of size # be present, then the incor- 
poration of the Lee and Shaffer solution including the built-up 
edge (6) into the foregoing analysis would yield 


@ = 45 + 7’ -B+(a+6) 


The effect of a built-up edge may thus be thought of merely as 
However, 


(36 | 


an increase in the effective rake angle of 6 degrees. 
we do not believe a built-up edge is present Whenever the first Lee 
and Shaffer Equation [14] fails to hold. It will be shown in the 
next section that under some conditions a negative value of @ is 
indicated by experimental data when 9’ in Equation [37] is held 
to be zero. While a built-up edge corresponding to a negative 
6 is physically impossible, a negative value of 7’, on the other 
hand, is quite feasible. 


Data 


In order to illustrate the concepts of the preceding sections, 
tests were performed using a wide range of rake angles, and at low 
speed (V = 1 ipm) using four different fluids to provide a varying 
degree of lubrication. Chip-length measurements were made on 
annealed and straightened chips. The tools were all HSS two- 
dimensional] planing tools which were lapped carefully after grind- 
ing to provide a keen cutting edge. The M.L.T. three-component 
broaching dynamometer was used to record the two tool forces 


TABLE 3) CUTTING DATA FOR ANNEALED 
Run 
no bluid 
Benzene 
Air 
Ethanol 
CCh 
Benzene 
ir 
Ethanol 
cch 
Air 
Ethanol 
CCh 


= 


850 
576 
S16 


results are given in 


Fu and Fy. 


Table 3 where the following notation is employed: 


The observed and computed 


rake angle, deg 
depth of cut, in. 
chip-length ratio 


a= 

{= 
= shear angle, deg 

shear strain 

force component in V-direction, lb per in. width 

force component normal to V-direction, Ib per in. 
width 

mean shear stress on shear plane, psi 

mean normal stress on shear plane, psi 

coefficient of friction 

friction angle tan”! deg 

angle between maximum shear direction and tool face 

45 B, deg 

angle between maximum shear direction and shear plane 


o 15 + B—a, deg 


Only those values are recorded which correspond to a continu- 


ous chip, and no built-up edge was evident in any of the tests. 


Discussion 


All of the data of Table 3 are shown plotted on the Mohr’s 
circles of Fig. 12. It is evident that when the points d (corre- 
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sponding to stress on tool face) move counterclockwise, the cor- 
responding points a @.e., points corresponding to stress on shear 
plane) rotate through a lesser angle in the same directions, The 
reason for this has been given already. The values of 9‘ in Fig. 
12 all happen to be negative, and to explain these data in terms 
of the @of Equation {17 | rather than 7’ involves negative values of 


cal meaning 


As mentioned previously, negative values of 8 have no physi- 


The lines through the points a (i.e., points corresponding to the 
stress on the shear plane) in Fig. 12, substantiate the straight 
lines obtained by Merchant (4) when shear stress was plotted 
against normal stress on the shear plane for a tool of given rake 
angle (or for tools of nearly the same rake angle). However, as 
12, a single curve cannot be drawn when T is plotted 
It would thus appear 


seen in Fig 
against o for a wide range of rake angles. 
that the normal stress on the shear plane @ is not responsible for 
the rise in 7 that accompanies a rise in og. Actually, all points 
would lie on the are of a Mohr’s circle when 7 is plotted against a, 
were it not for the fact that 7 is not at all constant. The radius 
of Mohr’s circle 7, changes with several quantities including the 
rake angle and the degree of frictional resistance on the tool face 
When 7 is plotted against a, for a given rake angle, 7, decreases 
with a reduction of the coefficient of friction by an amount that is 
usually just sufficient to vield a curve that is approximately 
straight rather than the circular are that would be obtained if 7,, 
remained constant 

When 7’ is essentially zero, the plot of rt versus o for a given 


rake angle will be a line that is approximately parallel to the o- 
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axis. This is illustrated by some data from the literature shown 
plotted in Fig. 13. Here, data for rake angles of —2 and +10 
deg are shown. Point A represents the point of greatest coeffi- 
cient of friction for the —2-deg-rake tool, and point B is the point 
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Points C and D are the corre- 
If the coefficient of 
friction could have been reduced greatly from the values obtain- 


of least friction for the same tool. 
sponding points for the 10-deg-rake tool 


ge inh Vig 13, then 7 would have been found to decrease with de- 
crease ino asin Fig. 12, but not as a result of the decrease in o. 

Similar data from a paper by Merchant (4) are shown in Fig 
14. In this ease the values of 7’ are strongly positive, and again 
the curve of 7 against o is roughly a straight line, for a given rake 
angle, for the same reason such a line was obtained in Fig. 12. 
Point A in Fig. 14 corresponds to the point of greatest coefficient 
of friction, and point B the point of lowest coefficient of friction 
for the —-10-deg tool, It is to be noted that 9’ for point B is less 
than that for point A as it should be. In fact, the points in Figs 
12 to 14 are in agreement with the observation made in a previ- 
ous section to the effeet that 7’ must decrease if positive and in- 
crease if negative whenever the coefficient of friction for a given 
tool decreases, 

In Fig. 15 stress fields at the tool point are shown to scale for 
the dry tests of Table 3 and those using carbon tetrachloride. It 
is evident here that Fy becomes negative for large values of rake 


angle, ie., when 8 < @. These stress fields show the manner in 
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which the shape of the stressed zone and the magnitude of 7’ 
change with rake angle and coefficient of friction. 

No stress field is shown for the dry zero-degree-rake tool, inas- 
much as the chip produced was discontinuous. Chips were 
found to become discontinuous at lower values of 7 when o was 
low, and the solid line shown in Fig. 12 was drawn and indicates 
the limit of the continuous chip 
strength of the chip along the shear plane increases with the nor- 


Here it is seen that the shear 
mal stress on the shear plane. This influence of normal stress on 
shear strength is to be distinguished from the lack of an effect of 
normal stress on flow stress that has been discussed at several 
points throughout this paper. 


CONCLUSIONS 

1 Friction encountered in the cutting process is basically dif- 
ferent from that for ordinary sliding contacts, owing to a variation 
of the effective indentation hardness of the metal at the point of 
the tool under different cutting conditions. 

2 There is a significant interrelationship between the shear 
and friction processes in cutting brought about by the close prox- 
imity of the processes and the fact that they are connected by a 
common stress field. 

3 The effective hardness of the chip metal increases as a re- 
sult of the increased restraint associated with a decrease in the 
angle between shear plane and tool face. 

4 The effeetive hardness of the chip thus increases with a 
decrease in rake angle, which in turn gives rise to a significant de- 
crease in the coeflicient of friction with decreased rake angle 

5 The interconnection between the shear and friction proc- 
esses prevents the shear plane from being in the direction of maxi- 
mum shear stress in the general case. 

6 The assumption of a uniform state of stress in the vicinity 
of the tool point is a good first approximation. 

7 Applying the concepts expressed in items 5 and 6, it is 
found that the shear angle is given by 

Where 9’ is the angle between the shear plane and the direction of 
maximum shear stress, and @ and B are the rake and friction an- 
gles, respectively. 

8 It is found experimentally that 7’ may be either positive 
or negative and hence the normal stress on the shear plane o 
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may be either greater or less than the mean shear stress on the 
shear plane 7, inasmuch as 
= tan (45 + 7’) 

9 It has been shown analytically and demonstrated experi- 
mentally that when the friction angle 6 decreases, 7’ must de- 
crease if positive but increase if negative, the change in 9° being 
less than the change in B. 

10 Experimental data presented for a wide range of cutting 
conditions show that the mean stress on the shear plane is influ- 
enced an insignificant amount by the normal stress on the shear 
plane 


11 
significant role in determining whether a given chip will be con- 


However, the normal stress on the shear plane does play a 


tinuous or discontinuous 
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[Discussion 
In 


OW. RR. Backer.® this paper the authors have made a 
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notable contribution to basic metal-cutting research, The shear- 
angle relationships based on minimum energy or coincidence of 
the shear-zone inclination with the maximum shear-stress diree- 
tion have long proved unsatisfactory tor the general case. The 
new theory is a most weleome contribution to the literature, 

It is noted that the authors failed to include the normal stress 
on the shear zone in the list of quantities for their dimensional 
analysis. Inclusion of this term ts justified because it allows shear 
strains in the chip much larger than those predicted by conven- 
tional materials tests, and thus has some control on the strain 
process of chip formation. Lf this term is included, another 
parameter enters the dimensional equation, so that lkquation [1] 
of the paper should read 


This new dimensional equation is in keeping with the authors’ 


shear-angle theory because, as they point out : a 


= tun (45 + 9’) 
T 


indieation, 7’, could have been 
the 
shear stress on the shear plane is itself a 
With the stress-ratio parameter included in the dimensional equa- 
tion, Equations [10] and [28] of the paper are now in agreeme nt 
with Equation [1] since the quantity A’ is a function of this ratio, 


“restraint” 
in facet, 


Thus inclusion of the 
dimensionally predicted ; ratio of normal stress to 


‘restraint parameter 


Naturally, the other theories reviewed cannot be exe ‘uded for lack 
this the 
possible funetions, not essential ones 


ot ratio, since dimensional analysis only indicates 
The writer agrees, in general, with the authors’ views on the past 
shear-angle re lationship theories. Merchant's theory ineorporat- 
ing a machining constant, C, Pig. 3 of the paper, has received wide 
popularity in the past through such publications as the U.S. Air 
Force Machinability Research books, the Tool Engineers Hand 
book, and recent verification of the existence of such a constant 
by Trigger, Chao, and Zylstra.’ Merchant claimed the existence 
of such aconstant because of an effeet found by Bridgman on drill 
It is interesting to note that Bridgman, in the same report, 
found no effect on 1045 steel, but Merchant presents a machining 
constant for 1045 steel® Tn of the Mer- 
chant’s constant takes on anew meaning. Combining I-quations 


1O}and [35] of the paper, it ean be shown that 


rod 


light new theory, 


Since 9’ is a measure of restraint, and a function of @ as ex- 
plained by the authors, the foregoing equation shows the nature 
with the neting 
any given maternal 


machining constant 
limit on the The 
experimental proof of the existence of © then makes Merchant's 


of this relationship, 
restraint for inmentioned 
equation an empirical relationship for the 7’ and @ equation. 
the is not a constant over a 


of variables, an observation substantiated by the 


However, writer has found that ( 
wide range 
authors’ data in Table 3. 

The data provided in Table 3 illustrate but do not prove the — 
new shear-angle theory unless other data were taken and not re- 
corded. Proof requires an independent measure of 7° which must 
then fit Equation [35] or [37]. 
paper, for stress on the tool face are compute d from dynamometer 
data plus contact-area measurement, then Fig. 12 is sufficient 
proof, However, it appears that these points for face stress were- 


placed by drawing a circle through the points for the shear zone 


7 Authors’ reference (17) 
Tool Engineers Handbook,” 
ork, N. Y., 1949, p. 314. 


Mef 


If the points in Fig. 12 of the 


CGraw- Hill Book C ompany, New 
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| 
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a 
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and the origin, then locating the points for the tool face on this 
circle, using the friction angle found from dynamometer data. It 
is hoped that the authors will provide verification for their 
theory; indirect tests of hardness versus restraint are one possi- 
bility, but the more direct method of chip contact-area measure- 
ment seems more promising. 

Since no stress exists in the chip above point C in Fig. 11, it 
would appear that an accurate measure of distance A-C is possible 
by microscopic examination of a tool as done by Chao and 
Trigger. The distance A-C is also obtainable by dynamometer 
data plus the chip-length ratio, employing l/:quation [35]. Values 
of @ and B are obtained in the usual way. This determines 7 and 
n’. By geometry, denoting the feed by ¢ 


sin (45 + 
sin @ sin (45 + n) 


An equivalent check would be using the contact area to determine 
the stresses on the tool face as mentioned previously. 

Orthogonal cutting data are available in the literature® for 
computing distance A-C. Unfortunately, the data do not cover a 
wide range of variables, but when A-C is computed as outlined, 
the discrepancy between the computed and measured values (the 
measured area of contact is divided by the chip width to give the 


contact length) is about 2 to 1. The added graph, Fig. 16 of this 


068 


is) 
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Merasurep anp Computep VaLues or 
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discussion, shows the values obtained, It is interesting to note 
that a straight line is obtained, indicating a close correlation be- 
tween these values. It does not appear likely that the chip would 
continue to rub the tool face hard enough to make an observable 
contact area ina region where the stress is essentially zero. 

If the authors can revise their theory to include the true pre- 
diction of chip-contact area, the value of their shear-zone-angle 
equation will be enhanced greatly in that a basis for analytical 
evaluation of cutting temperatures will be available. This could 
lead the way to prediction of tool life from a few basie screening 


tests. 


R.S. Hann.” The authors have presented an excellent survey 
of the various metal-cutting theories and are to be encouraged in 
their fundamental studies of metal cutting. 

There are several points, however, that warrant discussion 

The authors introduce the coneept of restraint of the chip 
against the shear plane. This is then used, in effect, to explain 
the large observed increase in coeflicient of friction on the teol 
face at high rake angles. There are several features about this 
theory that do not seem proper. 
much simpler explanation of the rising tool-face friction at high 


Furthermore, as will be shown, a 


rake angles can be given, 
1 The restraint shown in Fig. 8 of the paper is valid; but if the 


Cutting Temperatures and Metal-Cutting Phenomena,” by B 
T. Chao and K. J. Trigger, Trans. ASME, vol. 73, 1951, pp. 777-793. 
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The 
chip has been assumed to be rigid (and is highly work-hardened ) 


specimen were hard and the container soft tt would not be. 


and the restraining surface in Fig. 9 has not been cut yet and is 
relatively soft and consequently would not seem to be analogous 
to Fig. S$ and the degree of restraint questionable. 

2 In the usual friction tests the real area of contact is very 
As a result the 
coefficient of friction is practically independent of the apparent 


small compared to the apparent area of contact, 
area. In metal cutting the real area of contact on the tool face is 
probably approaching closely the apparent area. Consequently, 
we should expect the frietion force on the tool face to increase 
with the area of contact. Stated another way, we might expect 
the frictional stress on the tool face to remain constant as the 
It will be found that the length of contact 


Using the authors’ data in Table 3 and dividing the friction force 
by l to get the frictional stress (unit width assumed) gives the 
It willbe scen that for air and 


area of contact varies. 
A-C, Fig. 11(a) of the paper, is given by 


sin (B + 
(= 
cos B sin 


curves shown in Fig. 17, herewith. 
ethanol, between 16 and 30-deg rake angle, the stress is practi- 
eally constant. 
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It ray be interesting to recall the results of Chao and Trigger.* 
In th discussion of their paper by this writer, it was shown, using 
their wata, that the frictional stress varied linearly with tempera- 


ture as indicated in Fig. 18, herewith. Perhaps we should give 
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more attention to the frictional stress and the tool-chip contact 


area and pay less attention to the coefficient of friction, 

In view of the foregoing, the variation in coetticient of friction 
with rake angle can be explained in terms other than restraint, 
namely, frictional stress and tool-chip contact area. 

Another feature of the authors’ theory is that they have intro- 
duced an angle n’ giving the direction of maximum shear stress 
relative to the shear plane. Since the direction of shear shifts 
from the direction of maximum stress in one sense in the tensile 
test and in the opposite in the compression test it would seem un- 
natural to have positive and negative values of 9’ occurring in 
metal cutting where the stress field is always compressive. 


K. HeENRIKSEN.'! 
more complicated each time it is being attacked, and the authors 


This problem seems to become more and 


have presented a new solution, which represents one further step 
ahead, although perhaps, it may not be the last word. 

Another valuable feature of the paper is the clear tabulation 
and the detailed discussion of previous work in this field. The 
authors should be congratulated for the manner in which they 
have had the understanding to bring basic physical facts into the 
problem in order to explain and visualize the new solution. 


hh. HW. Lee.'? The authors are to be congratulated on presenting 
an interesting comparison of present theories of machining, and on 
When 
these results are plotted using the co-ordinates suggested by Mer- 
chant (B 


published experimental results, and the values given by the earlier 


providing new experimental results to check their validity 
a, @) these new results lie well below previously 
theories. In particular, they are far away from Merchant's! often 
quoted experimental results which have been confirmed by other 
workers, To the writer's knowledge in previously published work, 
positive 7° has always been reported, which represents this dis- 
erepancy. Can the authors give any reason for this large differ- 
ence In experimental results? 

The discussion of the assumption of ideal plasticity seems some- 
what restrictive. This assumption does not imply that work- 
hardening and strain-rate effects are neglected, but that they are 
averaged over the field, an appropriate yield stress being used 
This 


and the writer.!4) 


(not necessarily that associated with cold statie testing). 
Shaffer 


References" are given to dynamic test results which show close 


point is emphasized in work by 


agreement with the ideally plastic assumption with an appro- 
priately raised yield stress. 

The criticism of a minimum-energy assumption seems too 
strong. If a complete theory leads to lack of uniqueness of solu- 
tion, then minimum energy, or minimum force will commonly 
decide the correct solution. This is the usual problem of stability 
Hill’s criticism arises since Merchant's analysis ts 


Mini- 
mum energy would be operative with these included, and, in fact, 


ol a system. 
not a complete theory, but neglects stress considerations. 


leads to the composite solution of Lee and Shaffer." 

Some of the comments in the paper concerning dimensional 
analysis seem to be open to misinterpretation. [1 | 
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follows from such an analysis if @ and B are the only nondimen- 
sional parameters occurring. another nondimensional tactor is 
introduced, for example «, the hydrostatic pressure coefficient of 
Equation [5], this must also appear in the dimensional analysis 
and Equations {10} and [28] of the paper are in agrecment with a 
No difficulty arises as suggested 
It is introduced instead of equation [36] 


correct dimensional analysis. 
by the authors 
arises, Which contains three possible independent parameters and 
greater freedom than is expressed in Equation {1 |, not less tree- 
dom as indicated by a relation between @ and § as mentioned 
The discussion of friction and restraint appears to leave open a 
number of questions. ‘The field shown in Fig. (4) of the paper is 
not in accordance with the theory by Shaffer and the writer, 
This would imply a coetlicient of friction greater than 1, and shear 
failure in the chip would be expected to determine a solution 
corresponding to unit coefficient of triction. Thus the difference 
in “restraint”? will then be much less marked than that indicated 
in Figs. (eandd). The assumption that the shear plane behaves 
asa rigid restraining surface seems open to question since the 
material below it has not been strained appreciably and so may 
be softer and provide less restraint rather than more. This would 
Moreover, the use of the 


theoretical strength G27 in shear is believed to be at 


reverse the discussion completely 
wide 
variance with physically measured stresses 

In spite of these queries the paper certainly introduces many 
important questions. The theory discussed by the writer! leads 
to Equation (80) with a constant other than 45 deg, but always 
with a nonnegative 7’, as indicated in Pig. 12 of the paper cited." 
The integration of this with the new experimental results certainly 
poses an important problem 


W. Suarrer.” 
of presenting their ideas on metal cutting 


As usual, the authors have done a fine job 
Nevertheless, the 
writer desires to add to their discussion of past work, and to 
comment on their experimental findings. 

In the analysis of the machining process deseribed by Lee and 
Shaffer,'! it was shown that the solution to the problem is given 
by that configuration which would result ina minimum machining 
The 


stresses induced in the chip are considered satisfactory whenever 


force, and a satisfactory stress distribution within the chip 


the vield point of the material being cut is not exceeded 

If we check the stress distribution associated with the bornst and 
Merchant analysis, given as Equation [3] in the paper, then we 
find that their solution ean be applied to the simple shearing proc- 
ess Whenever the friction angle is less than the rake angle. For 
then, the stress components do not exceed the yield condition 
Their analysis, however, is not applicable for the more commen 
cause, Where the friction angle is greater than the rake angle, be 
enuse then the stress distribution associated with their solution is 
no longer satisfactory. 

In view of this, Lee and Shaffer proceeded to find Mquation 
14] based on the maximum permissible stress distribution within 
the chip, 

ven this new equation, it was found, did not hold over the 
entire remaining range of variables, because, for stall or negative 
rake 
machining foree and chip-thiekness ratio would become infinitely 


angles and high frietion, the associated expressions for 


large. This, we know, does not happen in practice, In faet, for 


such conditions, the development of a built-up nose usually is 


"by D.C. Drucker 
21, 1950, pp. 104 


#°A Dimensional Analysis of Metal Cutting, 
and H. Ekstein, Journal of Applied Physics, vol 
107. 
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Certainly then, the next step was to seek a solution 
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observed. 
which would explain this phenomenon. 

This solution was found, and is also described by Lee and Shaf- 
fer. According to the analysis, the expression for machining 
force, within a prescribed range of variables, was less with a built- 
up nose than without one. Therefore, within this range, it is 
the solution of the machining problem 

The presence of the built-up nose, as we have just seen, was 
arrived at as a natural consequence of the analysis, and not as 
stated in the paper, that “upon finding Equation [14] to be in 
disagreement with experimental data, Lee and Shaffer assumed 
that a small built-up edge was normally present and that this 
built-up edge was responsible for the lack of agreement.”’ 

Let us now re-examine the limiting and nonlimiting stress solu- 
tions to the simple shearing process, The limiting stress solution 
refers to the case where the chip stress just satisfies the yield 
condition, while the nonlimiting solution refers to the case where 
the chip stresses are less than those associated with the yield 


condition, 


BeTween ANGLE AND SHEAR ANGLE 


From the geometry of Fig. 19 it can be seen that the wedge 


angle 
. [38] 


According to the limiting stress solution, given by Equation [14] 
of the text 


is the minimum permissible for the simple shearing process. 

If we are given another expression for the shear angle then it 
would be satisfactory, and represent an example of the nonlimit- 
ing stress solution, whenever the corresponding Q is greater than 
that given by Equation [40], The Ernst and Merchant solution 
satisfies this requirement whenever the friction angle is less than 
the rake angle. 


For the shear-angle relationship 


[41] 


given as Equation [35] in the paper, the corresponding wedge 
angle 
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Obviously, Equation [42] is greater than Equation [40], and 
therefore, a satisfactory nonlimiting stress solution, whenever 77’ 
is negative. 

If we examine the experimental results shown in Table 3 of the 
paper, we find, for each case shown, 7’ was negative. However, 
these experimental results do not agree with the existing nonlimit- 
ing stress solution. Therefore the writer proposes that the cor- 
rection suggested by the authors be thought of as a modification 
of the nonlimiting stress solution, 

In the section of the paper entitled Discussion, the authors 
indicate that 7’ may be strongly positive, and refer to data pub- 
lished by Merchant. These same data were re-examined previ- 
ously by Lee and Shaffer,'* and it was found that all the data 
published in Merchant’s paper fell within the built-up nose region. 
In fact the “average data’’ corresponded to the condition coeffi- 
cient of friction equal to unity at the chip-tool interface, and 
under the built-up nose. When the deformation of an initially 
squared grid was studied for this case, shown as Fig. 13 in the Lee 
and Shaffer paper,'' it was found that the size of the built-up nose 
was very small, and therefore easily could have been overlooked. 

Referring to Fig. 9 of the paper, where 7 is shown to be negative 
(the angle 7 is defined in Fig. 4(a)), we ean see by making use ot 
the Mohr’s circle diagram, Fig. 4()), that negative values of 
correspond to friction angles which are greater than 1. However, 
for the simple shearing process, shear failure rather than frietion 
occurs at the tool-chip interface whenever the friction angle is 
greater than w/4. Therefore negative values of 9 should not 
have been shown. 

Incidentally, the angle referred to as ¢ in Equation [17] does 
not have the same meaning as the shear angle ¢ referred to in the 
rest of the paper. 

Ii. G. Tuomsen.'’ The authors are to be commended for their 
excellent analysis, 

The arguments presented by the authors that the directions of 
maximum shear stress and shear plane are noncolinear are per- 
suasive. In support of this hypothesis similar noncolinearity in 
metal cutting was reported as a probability by Ernst?° in 1944, 
For deformation processes other than metal cutting, noncollinear- 
ity between maximum shear stress and shear directions may 
occur and has been observed with single crystals under various 
controlled applications of loading and with highly anisotropic 
polyerystalline metals. Pelyerystalline metals with random 
orientation of grains, however, normally behave isotropically 
in the annealed state, but during severe deformation processes, 
such as rolling or torsion, for example, may develop anisotropy 
Hence an initially isotropic 
metal may exhibit various kinds of anisotropy depending on the 
kind and extent of deformation. 

In line with this thought the authors’ data may be tested for 
Referring to Table 3 of the paper it is seen that 7’, 
which measures the angular departure of the shear plane from the 


during the deformation process. 


anisotropy. 


maximum shear direction in their analysis is negative and hence 
For the same 
If it 


is assumed that the work-surface orientation was identical for all 


unidirectional for all test conditions investigated. 
tests the angle @ varies over the range from 17.5 to 47.4 deg. 


cutting tests, then the initial anisotropy should have caused some 
of the angles 7’ to be positive. Since no such values are observed, 
it may be concluded that the initial anisotropy is inactive in 
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causing the angle of departure 7’ to be different from zero, or if 
present the effect is masked by another effect, possibly the anisot- 
ropy developed during plastic deformation itself. Inasmuch as 
the degree and kind of anisotropy developed are not known, a 
definite statement cannot be made in support of the authors’ hy- 
pothesis nor can it be denied on the basis of anisotropy alone. It is 
questionable, however, that such a large angle 7’ = —18.8 deg 
as was obtained with a = 0 and CCI, can be accounted for by this 
factor alone. In our search for support or rejection of the 
authors’ theory we may ask next whether or not 7’ is a real angle 
subject to physical measurements, or only a figment of the 
imagination. It may be recalled that ’ appears in essence as a 
correction factor applied in order that the angular relationship of 
Equation [35] of the paper is satisfied. Let us examine the valid- 
ity of this assumption. 

It appears to this writer that the assumptions of the Lee and 
Shaffer formulation and its extension most certainly represent an 
oversimplification of what is a complex mechanical process. The 
writer agrees that the constant-stress hypothesis is a reasonable 
first approximation. It describes the state of stress within the 
metal entrapped momentarily between the tool face and the 
shear plane, permitting the formulation of a simple theory. He 
feels, however, that such « simplifying assumption is undesirable 
if it requires in turn the explanation that the shearing process 
differs from those normally observed in detormation processes. 
It is, therefore, instructive to consider other factors which might 
possibly influence the angle relationship between @, 8, and @. In 
order to do this let us consider first the method by which these 
angles are measured, Such considerations will reveal at once that 
@ and @ are measured from the cutting ratio and the rake angle, 
respectively, and their determination does not depend on the 
tool forees. The angle B, however, is the angle which is calculated 
from the measured tool forces. These forces, moreover, represent 
an over-all effeet and it is not possible to say which portions of the 
forces are keeping the chip in static equilibrium and which the 
workpiece. An attempt of correcting measured dynamometer 
forces for workpiece deformation has been suggested by this dis- 
cusser and others in the paper by E.G. Thomsen, J.T. Lapsley, 
Jr., and R. C. 


The other factor which comes to mind, and whieh possibly 


Grassi.?! 


may affect the angular relationship between the various angles, is 
This 
hypothetical condition is not required for the force system to keep 
the chip in statie equilibrium, that the re- 
sultant force, which is at an angle of (@ + Bo @ = 45 + n') to 


the condition of the constancy of stress mentioned earlier 


It is easy to show 


the shear plane does not require a constant stress in the metal 
The 
condition for this angle to be 45 deg or 45 deg + 9’ is, therefore, 


on the shear plane nor in that located along the tool face. 


arbitrary if we do not insist on the condition of constancy of stress. 

The restraint which is imposed on the shearing process by the 
entrapped metal between shear plane and tool face certainly 
This at once, however, raises the question of 
Most certainly a high triaxiality of 
At the free surfaces of the 


seems reasonable. 
how the stress is distributed. 
stress must exist at the tool point. 
chip and workpiece, on the other hand, some of the normal 
stresses are zero; hence biaxial states of stress must exist. Be- 
cause of this complexity and others it is not possible to say where 
the maximum shear stress resides and what its magnitude and 
direction locally may be. Thus detailed analysis of the shear 
process with average stresses calculated from nominal tool forees 
appears to the writer to be somewhat hazardous. 

In connection with the restraint effect, it is interesting to note 


21 “Deformation Work Absorbed by the Workpiece During Metal 
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that the nominal shear stress on the shear plane is, roughly 
speaking, a linear function of the shear angle @. This relationship 
It appears, therefore, that 
the restraint or state of stress depends on the combined effeet of 
and p. 
angle is a linear function of @ for each particular cutting condition 
given in Fig. 21. 
exploration in order to find the phenomenological relationships 


is shown in Fig. 20 of this discussion. 
It is also interesting to note that the nominal friction 
These re lationships appear to be promising for 


between the various angles, 
Autuors’ Closure 


The authors sincerely thank the discussers for their time and 
effort, and hope that the following will tend to answer their 
questions, 

As is pointed out by Backer, there is a simple geometrical rela- 
tionship between 9’ and the ratio o/r. However, the authors 
feel that this particular ratio has no direct effect upon a con- 
tinuous cutting operation, because there is considerable experi- 
mental evidence showing no effect of o upor the subfracture flow 


stress 7. When the data in Table 3 of the paper were taken, the 


contact areas were measured, With either CCl, or ethanol, the 
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agreement between predicted and measured area was almost too 
good, while for air and benzene, the measured area was greater 
by a factor of 1.5 to 2.5 

The shear plane is considered to be a plane or thin zone which 
separates the strained chip from the unstrained workpiece. A 
rigid retaining surface is a surface across which there is no motion 
or strain, By definition there can be no strain across the shear 
plane and thus it can be considered to be a rigid retaining sur- 
face, 

As vet there is no clear understanding of why the direction 
of shear shifts from the direction of maximum stress in tension 
and compression tests. Thus it is difficult to say whether or not 
it should shift one way or the other in metal cutting. However, 
it is important to note that even in the usual materials tests, the 
directions of maximum stress and strain are not coincident. 

The apparent reason why the values of 9’ obtained by the 
authors were negative while most published values are positive 
is that the authors’ data were obtained at extremely low cutting 
The speed of 1 ipm was used to minimize temperature 


It should be noted that the friction conditions at the 


speeds 
effects. 
chip-tool interface can vary appreciably with speed. 

In ideal plasticity the use of an appropriately raised yield stress 
is reasonable. However, the assumption of a homogeneous iso- 
tropic material lead# to serious question in the case of metal 
cutting. As the result of a metal-cutting analysis is an angle @, 
it would appear that the directional properties of the chip-work- 
piece combination should influence the result. 

It is found that the principle of minimum energy holds in 
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many cases; however, it does not hold in just as many cases 
Indeed, sometimes stability of a system is reached at a point of 
maximum energy. It does not appear that there is any method 
to determine when such a principle can be applied. 

There is no reason to believe that a coefficient of friction greater 
than 1 should lead to shear failure within the chip. Large coeffi- 
cients of friction are frequently obtained in metal cutting with 
no BUE. 

It is quite simple to demonstrate that with clean, smooth sur- 
faces the coefficient of friction can be infinite. When such a 
case is approached it is evident that friction stress will have 
meaning while the coefficient of friction will not. 

The authors contend that a coefficient of friction greater than 
unity does not mean that a built-up edge is present. For each 
data point in Table 3 the cut was stopped and a photomicro- 
graph was made of the area under question, In no case was there 
a built-up edge. Perhaps it should be pointed out that just 
because a set of data does not agree with the ideal plastic theory, 
the data are not necessarily incorrect. 

The theoretical shear stress G/(27) is approached in ex- 
tremely small specimens. How closely it is approached in metal 
cutting depends of course upon the size of the contacting asperities 
at the chip-tool interface. 

It is certainly agreed that all of the present analyses of metal 
cutting are undoubtedly oversimplifications of a very complex 
problem. However, until a more general solution is obtained 
attempts to revamp existing theories undoubtedly will lead to a 
clearer understanding of the entire process, 


a - = 
on 


im 

ge 


6) 


d 
4 


| 
ax 
- 
H 


Comparisons 


at Elevated Temperatures © 


of Some Commercial Grades of 


Ferritic Cast Steels 


By H.W. WYATT,! J. W. BOLTON,? ano M. L. STEINBUCH,? CINCINNATI, OHIO 


This paper presents some direct elevated-temperature 
test comparisons of cast steel Grades WC4, WC5, WC6, and 
wc9 ASTM Specification A217-49T. The 
studied are from commercial heats. Care has been taken 
to hold all variables in manufacture, treatment, and com- 


of materials 


position (aside from prescribed “‘alloy elements’’) as closely 
alike as possible. The tests show that at the temperatures 
under consideration the nominal 1 per cent molybde- 
num grades WC5 and WC9 are higher in ‘‘creep strength’”’ 
than the nominal ' » per cent molybdenum grades, WC4 
and WC6. 
higher 
three grades. 


Grade WC5 has shown, in this direct compari- 


“stress-rupture strength’? than the other 


son, 


ConpbITIONs OF Tests 


VIDELY variant results had been reported by various 

sources for some of the grades of cast steel, as tested at 

elevated temperatures. For example, creep strength 

values varying almost 500 per cent from minimum to maximum 
at a given temperature have been reported for Grade WC6. 

It seems obvious that such large variations in reported proper- 
ties for a given composition or grade must be brought about by 
differences in preparation and treatment. Since chemical com- 
position is but one among those variables which affect creep and 
other characteristics, a comparison of compositions must hold 
In the 
present case, it is desired to ascertain the effects of alloy ele- 
ments (molybdenum, chromium, and _ nickel). 
positions, aside from these alloy elements, also must be held 
within close limits. 

If test values are to have practical engineering significance, 
conditions of preparation and treatment should correspond to 
Since the grades under considera- 
tion are those within an engincering-society specification, it is 


variables of preparation and of treatment to a minimum. 


Therefore com- 


those of commercial practice. 


necessary that each grade comply with the prescribed composi- 
tions and other acceptance-test requirements of the current speci- 
fication. 
Review of data available in the literature and from other 
sources, shows that in some cases comparisons of alloy-element 
The 


Comparisons not at the same carbon 


effects were made without full attention to other variables. 
following are examples: 
levels, manganese beyond specification requirements, marked 
differences in unspecified elements, exception beyond specifiea- 
tions in alloy-elements content, the usage of laboratory melting 
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media, treatments, and possibly of ladle additions, and funda- 
mentally different treatments used in comparing one grade to 
others. 

In the tests reported herein, all the grades were made under the 
same controlled commercial conditions. All are from commercial 
6000-lb heats made in the same commercial furnace by the same 
operator. The same procedure log for charge, melt, boil to like 
precarbon, recarburization, and deoxidation was followed, corre- 
sponding to that for other regularly used commercial heats. Final 
carbons are alike 

All heat-treat ments also were controlled alike. The method was 
determined by commercial practice. Because of the size of heat- 
treated lots of castings in commercial practice, limitations of the 
process determine air-quenching rates. In other words, a com- 
mercial heat-treatment-furnace charge cools slowly in normalizing 
because of its mass. To determine the range of commercial 
treatment cooling accurately, studies first were made of the cool- 
ing rates of different-size castings in heat-treated loads. Average 
or typical rates were ascertained, All test bars were heat-treated 
in laboratory precision-controlled furnaces that duplicated these 
commercial cooling rates. 

In addition to the four commercial heats studied in some de- 
tail, (presented together at the top of Table 1) further partial 
comparisons are made on seven additional heats, These supple- 
mentary data suggest the range of values within normal and con- 
trolled manufacturing processes and serve to substantiate the 
data of the individual heat comparisons. Table 1 presents com- 
positions and acceptance tensile tests of all heats tested 

The test specimens were taken from standard keel blocks regu- 
larly used in the industry. Comparison of the microstructures of 
these and of sections from various commercial castings of like 
grades shows each to be of same basic type of structure. 

All heats reported herein comply with the requirements of 
ASTM Specification A217-49T for the respective grades 

In common with all those investigators who have studied creep, 
creep-rupture, and so on, the authors recognize that any one com- 
position can be made to a wide range of values by using variables 
in processing. Creep and creep-rupture (stress-rupture) are not 
constants for a composition. Properties also are influenced by 
process, Wrought or east, induction furnace or are, and quenched 
or annealed. It is confirmed by many published researches 
on various materials, 

The compositions and acceptance tensile-test results of the 
various heats are shown in Table 1. For easy comparison, heat- 
treatment temperatures are those used commercially for subject 
Studies of WC6 and WC9 showed that these and par 
ticularly WC6 are subject to grain coarsening when normalize top 


WC4 and WC5 are not affected 


grades. 


temperature of 1900 F is used 
SuHort-Time Tests 


Results of some short-time elevated-temperature tests, per- 
formed according to ASTM Recommended Practices for Short- 
Time Elevated-Temperature Tension Tests of Metallic Materials 


21-43, are given in Table 2.) (Controlled strain rate to vield 


280 


— 
> 
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TABLE 2 SHORT-TIME ELEVATED-TEMPERATURE TESTS 


Test Tensile Yield strength 
temperature, strength, psi, Klong RA, 


Grade deg ft psi 0.2 per cent set per cent per cent 
55500 36000 34.9 69.0 
1000 31200 38.1 75.0 
1050 46500 24500 OY 76.5 
1000 57000 87000 30.3 75.7 
1050 41500 44000 30.6 77.8 
1100 14000 30250 44.0 79.5 
WC6 O50 55000 27000 31.2 65.0 
1000 49500 26000 33.2 70.3 
1050 44750 24500 40.2 76.8 
wou 1000 36200 36.9 70.0 
1050 50000 84500 40.9 74.5 
1100 41500 20400 


strength was 0.001 in. per in. per min using Baldwin “Strain 
Pacer.”’ From there to fracture, head-travel rate of '/, in. per 
min was used, ‘Temperature control to yield point was +!/) deg 

In general, the higher-molybdenum steels (WC5 and WC9) are 
appreciably higher in yield strength than the lower-molybdenum 
steels (WC4 and WC6) at 1000 F and 1050 FP. The Grades WC5 
and WC9 also are slightly higher in tensile strength. 


Impacr Trstr 


Table 3 gives results of some V-notch Charpy impact tests of 
WC4, WC5, and WC6 at several temperatures. A large number 
of Charpy tests on many commercial heats indicates that room 
temperature is or may be close to a transition temperature for 
these grades. At modestly elevated temperatures, say, 210 F, 
all heats showing lower room-temperature test values showed 
marked improvement. Those of higher initial Charpy showed 
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TABLE 1 CHEMICAL COMPOSITION AND TENSILE TESTS 


CHEMICAL COMPOSITION 


Chemical composition, per cent 
Grade Heat Cc Si Mn Pp Ss Cr Mo > 
Heats Used for Basic Comparisons 
we4 28062 0.11 0 43 0.58 0.035 0.032 0 81 075 0 56 » 
wos 27845 0.12 0.28 0.40 0.039 0.039 0 81 0.57 1 O8 
28265 O.11 0.39 0.59 0.034 0.037 0 03 1.30 54 | 
weg 27113 0.12 0.41 0.51 0.031 0.033 6.11 2.70 0 44 
Additional Heats Tested 
we4 28526 0 16 0.43 0.72 0.033 0.044 0.88 0.63 0 54 oP 
wec4 29260 0.13 0.37 0 51 0.035 0.037 0.77 0.53 0.51 
woes 28434 0.13 0.25 0 44 0.039 0.036 0 81 0.90 110 
25206 0.17 0.36 0.40 0.035 0.031 0.88 0.79 1 00 
wes 20205 0.13 0 51 0.59 0.050 0 052 0.12 1.12 0.48 
30011 O.14 0.37 0.59 0.028 0.032 0.12 1.33 0.49 
wey 29423 0.13 0.44 0.46 0.030 0 036 0 18 2.35 1.05 
Tensile Yield Heat- 
strength, strength, Elong, RA, treat- 
Cirade Heat psi psi percent percent Bhn ment a. 
we4 Specification 70000 40000 20.0 35.0 
wes | 217-497 18.0 
properties Wwc9) A 
=) 
5 Heats Used for Basic Comparison 
wes 28062 79000-49100 29.1 56.3 166 1900 FC to 
1650 AQ (ere 
1250 D 
wos (27845 «81700 56900 31.0 62.8 163 1900 FC to 
1650 AQ 
28265 70200 46800 32.3 54.9 140 1750AQ 
1250 D 
27118 87800 60200 55.2 174 1750 AQ 
Wwc4 28526 81000 53900 27.0 458.6 149 1900 FC to 
s* ¥ 1650 AQ 1 #1 
1250 ID 
wes 20260 76900 52200 32.1 55.2 149 1900 FC to 
1300 D 
> 75600 18700 28.9 59.4 146 1900 FC to 
1300 D 
WO6 20205 «82100 50100 26.3 18.0 149 1750 AQ 
1250 DD 
wee 0011 79000-46000 28.0 50.9 149 1750AQ 
1250 D 
$1500 15100 27.2 55.2 159 1750 AQ 


@ 
TABLE 3 RESULTS OF V-NOTCIL CHARPY IMPACT TESTS 


—— V-notch Charpy impact results, ft-lb 


Test temp, deg 32 78 150 210 500 700) 900 1000 
WC4 Heat 26058 27'/2 48 66 661/, 65 
27845 37 58 64 62 651/24 54 24'/2 25 
WO5 Heat 25206 20 22 5O 55 584 46° 37 30 25 
WC6 Heat 26935 25 32 371/95 

At400F. 

At SOO F. 


less increment, Such tests indicate that room-temperature 
Charpy is at best a questionable type of acceptance test for steels 
for elevated-temperature usage. It has been noted that as a 
rule the lower the carbon, the higher the Charpy (at room tem- 
perature), particularly so if the caleulated hardenability also is 
lower, 


CREEP CHARACTERISTICS 


In the design of most parts for use at high temperatures, creep 
is an important property. The “creep rate,’’ 22-43 as deter- 
mined by ASTM Recommended Practice for Long-Time High- 
Temperature Tests of Metallic Materials, for 1 per cent in 100,- 
000 hr is particularly significant for metal used for gate-valve 
body castings. Very slight distortion which might permit leak- 
age is a limiting consideration. Creep tests that would predict 
1 per cent in 100,000 hr creep strength were held at load 4000 to 
7000 hr to attain constant or slowly decreasing rates. 

Table 4 gives the creep strengths of the alloys at various 
temperatures. 

WC4 and WC6 normally are recommended for temperatures 
not to exceed’ 1000 F. WC5 and WC9 are recommended and 
rated to 1100 F; 1050 F was selected as an intermediate tem- 
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CREEP STRENGTH OF ALLOYS 
Creep strength, psi 
1 per cent in 100,000 hr 
1050 
1000 (approx?) 
1000 (approx®) 
5800 


rABLE 4 


1000 1100 


6300 


Test temp, deg I 
(yrade WC4 

Grade WC5 

Grade WC6 

Grade WCY... 


4800 
4600 

@ See the extension time (creep) curves for these grades in Fig. 1 and com- 
parison of creep rates in Table 5. The immediate effect of initial loading is 
not included. 


perature for direct creep comparisons. Unfortunately, the creep 
rates of several tests of WC4 and WC6 at the same loads as WC5 
and WC9 were of rates of extensions such that it was not possible 
to determine accurate creep strengths of WC4 and WC6 at 
1050 F 
establish these ereep strengths more precisely. 


Other creep bars at lower stresses are in tests that will 
A relationship 
can be shown by comparison of the creep rates of all alloys at 6000 
and 7000 psi, 1050 F, Table 5 (also shown in Fig. 1). 


TABLE CREEP RATES, 
psi 
Cirade Creep rate Total hours test 
wed 2.0 5190 
Wos 1.0 
We 1.9 3935 
1.2 


PER CENT IN 100,000 TR AT 1050 F 


7000 psi 
Total hours test 
S704 


Creep rate 
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can be compared directly as to the effect of these alloy elements 
on properties. Check tests on the same heat and on other heats 
tend to substantiate the results and suggest a probable range of 
properties with normal commercial alloy variation within the 
specifications 

The creep results indicate, in general, that WC4 and WC6 have 
approximately the same creep strengths at 1000 F and 1050 PF, 
The 1 per cent molybdenum grades, WC5 and WC9, are approxi- 
mately equal in their creep strengths at 1050 F and 1100 PF. The 
1 per cent molybdenum steels are higher in creep strength than 
the percent molybdenum. In this range of temperatures the 
i per cent molybdenum grades have approximately a 50 deg F 
advantage over the '/) per cent molybdenum grades for the same 
creep-st rength level. 

The data from the ereep tests of the four grades aligned to form 
straight and parallel curves on log-log plots of stress versus creep 
Attention is called to the creep rate of WC4 check test 
No. 2of the same heat, stress, and temperature as No, 1, and to 


rate, 


test No. 4 at the same stress and temperature but from another 
heat, Table 6. Here, three creep tests on two different heats 
indicate practically the same creep rate Attention also is called 
to tests Nos. 14, 15, 16, and 17 of WOS at 1050 F 
tests at different loads gave a straight line of stress versus creep 


Here four 
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CREEP RATE % (WN 100,000 HRS 


2 30 


hia. 1 


On a log-log plot of stress versus creep rate, it was thought 
that considering the slope of the curve as influenced by the two 
tests each of WC4 and WC6 and by the slope of other alloy data, 
1000 psi creep strength at 1050 F is a fair approximation. The 
creep rates of WC4 and WC6 as compared to those of WC5 and 
WC 9 for two different stresses in Table 5 indicate the higher creep 
strength of WC5 and WC9. 

The International Nickel Company investigated the strue- 
tural stability and creep strength of WC5, heat 25206 (Table 1). 
Creep strength was reported as 7000 psi at 1000 F and 6000 psi 
at 1050 F for a rate of creep of 1 per cent in 100,000 hr 
results at 1050 F confirm the creep tests obtained by the authors’ 


These 


company on material from the same heat, 

It will be reealled that Grades WC6 and WC9 were introduced 
into ASTM Specification \217 and always have been furnished 
commercially at carbons below 0.20 per cent maximum accord- 
ing to that specification. Until revision of A217 in 1949, both 
WC4 and WOCS5 had been furnished to higher carbon levels 
ASTM Specification change to lower carbons has improved the 
creep characteristics of WC4 and WC5 at the higher temperatures 
and had added to their room- and high-temperature ductility and 
impact characteristics 

A feature of the comparisons as presented here is that the ma- 
terials tested are from commercial heats and hest-treated by com- 
mercial practices. Thus four grades of steel with che various 
amounts of alloy clements found in the different specifications 


3s 
ELAPSED TIME - HOURS + /00 


CURVES 


rate on log-log paper that indicates the general slope of data 
Other heats of WC4, WC5, and WC6 are in test and at the 
time of writing (2000 hours) substantiate the ereep strengths 
quoted, 

Molybdenum evidently is the most important alloy element 
affecting creep. The higher the molybdenum content, the higher 
the creep strength within the range tested. This confirms what 
Within the limits studied 
and under commercial manufacture, the ranges of nickel and of 
have marked effeets on creep. The creep 
strength of WC appears to be slightly lower than WC5 at 1050 F 
and 1100 


eent 


has been reported by others (1, 2).4 
chromium do not 


This difference could be due to variation in 1 per 
molybdenum-base steel. Tlowever, it is well known that 
higher chromium, say, to 5 per cent, detracts from creep cCharacter- 
Nickel responsible for the high ereep-rupture 
strength of WC5, as shown in later data herein, 


istics, may be 


Various other data have been made publie by other sources on 
WO6 and 
ures are not fully available to us, 


Details on composition, practices, and proced- 
The values given cover a wide 
Other 
data on WC4 and WOS complying with present ASTM Speeci- 
fication A217-49F with full manufacturing data accompanying 


range both well below and above the values given herein. 


have not come to our attention, In-so far as we are aware there 


* Numbers in parentheses refer to the References at the end of the 
paper. 
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TABLE 6 


Creep rate, Time 
per cent in of test, 

100000 hr hr 
j we4 28062 7000 1000 1.4 5308 
2 we4 28062 7000 1000 15 5820 
3 we4 28062 8000 1000 26 3410 
4 we4 28526 7000 1000 15 6018 
5 Wc4 28526 6000 1050 20 5190 
6 we4 28526 7000 1050 2.5 3704 
i wos 25296 1000 1000 03 2750 
wos 25206 6000 1000 4600 
4 wes 25206 7000 1000 O49 4600 
10 wos 25206 7000 1000 1.3 2500 
il 25296 $500 1050 O4 2750 
12 wos 25296 5000 1050 04 4600 
14 wes 25206 6000 1050 1.0 4600 
i4 WwOoS 27845 6000 1050 10 6885 
15 wes 27845 6500 1050 13 6388 
«16 wos 27845 7000 1050 16 ORS 
17 wes 27845 S000 1050 2.4 3850 
18 wos 27845 SOOO 1100 6210 
f 5500 1100 16 6162 
7000 1000 14 5138 
8000 1000 2.2 6170 
6000 1050 1.9 3435 

7000 1050 2.3 41325 
6000 1050 1.2 6802 
7000 1050 2.1 5350 
8000 1050 28 3008 
5500 1100 17 5960 


TABLE 7 


Time to 


are no restrictions (as by patent, or the like) on any manufacturer 
who desires to make any of the four grades. 
Creep-Ruprure CHARACTERISTICS 
Creep-rupture (or stress-rupture) tests have been command- 
ing increasing attention. 


to rupture and deformation at rupture are considered significant. 
Various investigators have extrapolated creep-rupture data to 


In this constant-load-type test, time 


indicate the stress which should be sustained without fracture for 
periods to 100,000 hr. 
of stress to time may deerease even faster at certain test periods. 
If observed, this dip on the log-log curve has been noted in the 
range of 100 to 1000 hr. Test with no slope change within this 
period have been run to 20,000 hr without further increase in 
downward slope (3). 

Basic test data on several heats of WC5, WC6, and WC9 are 


given in Table 7 


It has been noted that the decreasing ratio 


It indieates as follows: 
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RECORD OF CREEP TESTS 


Tensile 
strength 
pei 
80200 
77000 
84400 
81600 
80800 
82600 


S3000 
80500 


Stress, be fracture, Elong, 
le Heat psi deg F hr per cent 
“4 20617 13000 1100 424 19.0 
5 1050 1752 21.8 

1050 1274 30.9 

20000 1050 793 29.2 

23000 1050 310 23.1 

13090 1100 2829 14.3 

13000 1100 2891 11 6 

13000 1100 4423 180 

15000 1100 1297 26.3 

1S000 1100 516 147 

20000 1100 282 47.7 
6 15000 1050 1265 14.3 

16000 1050 S7u 11.6 

18000 1050 SU4 12.3 

20000 1050 $30 30 6 

23000 1050 263 16.0 

13000 1050 932 21.7 

15000 1050 657 22.3 

20000 1050 174 260 

15000 1050 704 15.5 

18000 1050 412 33.3 

40011 20000 1050 264 32.3 

13000 1100 262 26.0 

13000 1100 544 17.9 

15000 1050 1193 27.0 

16000 1050 32.1 

18000 1050 4106 31.2 

18000 1050 462 445 

20425 20000 1050 313 51.2 
294253 23000 1050 171 49.1 
20423 12000 1100 1734 31.3 
27118 13000 1100 1067 22.6 
27113 13000 1100 860 16.8 
29423 15000 1100 436 30.0 
27118 1100 160 42.5 


After Creep Physical Tests 


iele 
strength, Elong, 

per cent per cent 

25.7 55 

30.1 58 

24.2 
53.7 

24.4 

55100 24.5 52 


55900 


44400 
40000 
42100 
2200 
16.500 
52800 
44500 
15300 


RA, 


per cent 
34.6 


31.5 


NSM 


Grade 


26.4 66 
25.2 fil 
28 3 
25.7 

25.2 62 8 
32.0 5 
29.3 

28 3 

32.4 

24.2 8.3 
26.8 

27.5 55 


RECORD OF CREEP-RUPTURE TESTS 


Heat-Treatment 


1900FC 
1900FC 1650AQ 
1650AQ 
1650AQ 
1900FC 1650AQ 
1900FC 1650AQ 
1900RC 1650AQ 
1900FC 1650AQ 
1900FC 1650A 
1H50AC 
1900FC 1650AC 
1750AQ 1650AQ 
1750AQ 

1750AQ 

1750AQ 


1750AQ 
1750AQ 
1750AQ 
1750AQ 
1750AQ 
1750AQ 
1750AQ 
1750AQ 
1750AQ 
17504Q 
1750AQ 
1750AQ 
1750AQ 
T50AQ 
1750AQ 
1750AQ 
1900F¢ 
1750AQ 
1750AQ 


1650AQ 


Heat 
27845 
28062 
29295 
30011 
27113) 
29423) 


4423-hr test included 
+ Or lower, note one long-time test below drawn curve. 


RA, 


1300D 
1300D 
1300D 
1300D 
1300D 
13001) 
1300D 
1300D 
1300D 


Creep-rupture strength, psi 7. 


(extrap to 100000 hr) 


FEBRUAR 


1250D 
1300D 
1300D 
1300D 
1300D 
1300D 
1300D 
1300D 
1300D 
1300D 
1300D 
1250D 
1250D 
1250D 
1250D 
1300D 
1250D 
1250D 
1250D 
1250D 
1250D 
1250D 
1250D 
1250D 
1300D 


Y, 1953 


Te 


—-Heat-treat ment -—~ 
163 
144 
183 1900FC to 16504Q 
1250D 
170 
166 


166% 1900FC to 16504Q 
166 1300D 
174 
170 
140 1750AQ 1300D 
143 1750AQ 1250D 
137 17504Q 1250D 
131 1750AQ 1250D 
170 1750AQ 1300D 
174 1750AQ 1300D 
1750AQ 1300D 
174 1750AQ 1300D 
= 
1300D 
. 
= = = 
- 
em... 
: 
1050 F 1100 _= 
10000 69002 » 
5900° 
4800? 
5000" 
6200 6000 7 


The creep-rupture strengths are in all cases higher than the 


creep strengths. 


than that of WC6 and WC9 
20295 and 30011, WC6 and WC9 at 1050 F are only slightly 


heats 


higher than the creep strengths of these respective grades, 


The creep-rupture strength of WC5 is higher 
The creep-rupture strengths of 


The 
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WC9, Creer Rupture, 1050 | 


456789000 2 3 « 
RUPT URE 
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STRESS- PS/*/000 


HOURS 


Fie, 


fact that WCY has approximately the same creep-rupture strength 
as one heat of WC6 at 1050 F corresponds with what has been re- 
ported elsewhere in the literature (1). Log-log curves of stress 
versus time to rupture are shown in Figs. 2, 3, and 4. Fig. 5 
shows all curves without actual test values taken from Figs. 2, 3, 
and 4 


TO RUPTURE 


5 WOS5, WC6, WC9 Creep Ruperure, 1050 


Some difficulty was experienced in the case of WC6 and WO9 
in drawing a straight line through the test points in Figs. 3 and 
4. As many as six tests were needed at one temperature sith 


WC at 1050 F. These many tests verified the proportionally low 
creep-rupture value of WC9 at 1050 FF. In case of the curves 
drawn for the three heats of WC6, the longest time test point in 
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each case is below the line Long-time tests are being conducted 
to determine whether there is a tendency for WC6 to fall off in 
strength with length of test or whether this was an experimental 
variation, Figs. 6, 7, and 8 show the resistance to stress of the 
different alloys at one temperature and stress, and Table 
actual length of test and the amount of ductility exhibited at the 
time of fracture. 

The ereep-rupture strengths of three WC6 heats are 
and 5000 psi, The recent 


7 lists 


5900, 4800, 


respectively. recommended design 


stress of WC6 by the Unfired Pressure Vessel Code is 5500 psi. 
WC5 is rated at 5500 psi at 1050 F and its creep-rupture strength 
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WC% is rated at 5800 psi and its creep- 
rupture strength as indicated in these tests is 6200 psi. 


is far above this value. 


TRANSFORMATION ‘TEMPERATURES 


To determine critical transformation temperatures, 
were heated and cooled in a dilatometer. The heating rate was 
200 F per hr to lower critical and cooled at a rate of 920 F per 
hr through the upper criticals, slowing down to about 600 F per hr 


samples 


near room temperature for all grades. 
It will be noted that WC6 and WC9 require a higher tempera- : 
ture on heating before AC,. All four grades have a split trans- 
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Grade 


CRITICAL TRANSFORMATION TEMPERATURE 
AC; ARs AR, A'Ra 
1620 1460 915 680 
1595 1495 910 680 
1635 1540 905 610 
1615 1525 780 570 


Heat 
28062 
27845 


formation with the high-chromium WC6 and WC9 having the 
lowest temperature of secondary transformation. 


If ARDENABILITY CHARACTERISTICS 


ASTM hardenability curves (Tentative Method of End Quench 
for Hardenability of Steel A255-48T) are presented for four heats 
of the different gradesin Fig.9. The ranges of hardnesses of WC 4, 
WO5, and WC6 are approximately the same with WC9 having 
higher hardnesses. Quench temperature of 2100 F is used to indi- 
cate more nearly welding possibilities than ordinary foundry nor- 
malizing temperatures would 


MickostrucTURE 


In addition to the mechanical and related tests on the four 
grades herein reported, the relationships of properties to micro- 
structure, and so on, were investigated. The findings can be 
summarized briefly as follows: 

In actual castings of grades WC4, WC5, and WC6 heat-treated 
in commercial practice and in the test specimens, also, the struc- 
tures are essentially ferrite —‘‘semi-Widmanstitten.”’ 
tial amounts of divorced ferrite are present. In the higher-chro- 
mium alloy, WC, lesser amounts of free ferrite were found, with 
carbides being more of the acicular type. With these types of 
structures, it Was noted that the final structures after creep, or 
other long-time exposure at temperature tests, were not basically 
changed from the initial or prior structures. Photomicrographs 
of representative after creep and typical commercial casting 
structures are shown in Figs. 10 and 11. There is but slight 
tendency for coalescence or spheroidization of the carbides, For 
these and other reasons, it appears that test results based on such 


Substan- 


relatively stable types of structures are of relative dependability. 

Test data accumulated on less stable types of structures would 
be, in contrast, of lesser ultimate significance. Miller reference 
states: “The ferrite-Widmanstitten structure appeared to be 
the most satisfactory at 1000 F”’ (24). White and Crocker say 
substantially the same. They state their Widmanstatten struc- 
ture is not a “true Widmanstitten.”’ It that the 


structures referred to by them are comparable to structures 
; 


is evident 


referred to herewith. 


Wevp TRAVERSES 


A number of weld-traverse and related studies also have been 
made 
(a) Maxima in hardnesses, single bead, preheat but no stress 
It is felt that with all these grades, 
This was indicated by 
Bolton and A. J. Smith 


Summarizing a large volume of data briefly: 


relief are shown in Fig. 12. 
and WC1, also, preheats should be used 
early work in this laboratory by J. W 
(30 

(b) Multiple beads are more effective in lowering hardnesses 
in WC4 compared to WC6,. WC5 is lowered more in hardness 
than WC9. The apparent reason is that in the high-tempera 
tures exposure of parts of weld-affected zones, the re-solution of 
chromium carbides is greater than is effected in usual normalizing 
In other words, the higher potential harden- 
ability of higher-chromium alloys makes itself more evident dur- 


heat-treatments. 


ing welding operations, 
(c) All grades are safely weldable with suitable procedures, and 
ali requirements of ASME Code Sec. IX Welding Qualifications 
However, WC4 may be regarded as the most 
“safest” to weld, WCS and WC6 are next, and 
WC9 should have more care 


are met readily 
“foolproof” o1 


(d) No eracking in weld-affected zones has been experienced in 
repair and construction welding in our shops, over many heats of 
WC4, WO5, and WC6 


in the field has come to our attention 


No evidence of eracking of these grades 
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In case of WC9, our experience is more limited, but to date has 
heen satisfactory. 


RAPHITIZATION 


Long-time exposure tests of many samples of all these grades in 
both welded and nonwelded condition have produced no evidence 
of graphitization. Freedom from graphitization in WC4 after 
50.000 hr in field serviee was reported by T 
R.2 This work, and that of groups such as Proj- 
ect 20--ASTM-ASME. Joint of Tem- 
perature on Properties of Metals indicates that steels containing 
the chromium contents of these grades (and the higher or 1 per 
cent molybdenum contents of Grades WCS and WC) will not 
graphitize under conditions of commercial manufacture, assem- 


N. Armstrong and 
Greene (8) 
Committee on 


bly, and service 
SUMMARY AND CONCLUSIONS 


Comparable clevated-temperatare test data are given on com- 
mercially made cast steels complying with ASTM Specification 
\217-49T Grades WC4, WO5S, WC6, and Such data have 
direct significance for purposes of selection and rating: 

1 The creep-strengta characteristies of Grades WC5 and WC9 
(within temperature ranges studied) are similar. Both these 1 
per cent molybdenum grades are superior in creep strength to the 
'/y per cent molybdenum grades WC4 and WC6 under these com- 


kes in Creep-Test Bars Arrer Long-Time Exeosure To TEMPERATURE AND STRESS 


parable conditions. The grades WC4 and WC6 are closely alike 
in creep strengths. 

2 The creep-rupture (stress to rupture) strength of WC5 is 
superior to that of WC9. At 1050 F the creep-to-rupture strength 
ef WC is only slightly above its creep strength. (Creep 
strength is a measure of deformation, without expected failure. 
Creep-rupture strength suggests breakage or failure at or within 
the extrapolated period, 100,000 hr or about 11 years.) The 
average creep rupture of three heats of WC6 at 1050 F is slightly 
lower than that of WC9 at the same temperature but is higher 
than the creep strength of WC6. 

3 Graphitization is not an expectancy in any of the four grades 
studied 

Within the temperatures and time periods involved, over-all 
structures (with free ferrite) are of relatively stable type. 

4 Some of the impact and hardenability characteristics of the 
grades are shown, 

5 Short-time elevated tensile test data also are given. 
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J. K. Y. Hum.‘ The authors are to be complimented on 
their high-temperature study of some low-xalloy ferritic steels. 
There is an increasing need for additional creep data to determine 
the limitations of these steels in order to meet the stringent 
The time has 
arrived when a design engineer must utilize to the maximum, the 


requirements of steam-power design engineers. 


usual low-alloy steels for moderate temperatures instead of 
specifying high-alloy steels because of the increasing shortage of 
critical alloying elements. 

It is regrettable that the comprehensive work of Glen’ was not 
available to the authors, since a slight modification in their test- 
ing technique would have provided more information, such as 
the effeet by varying normalizing temperatures, or the effect: by 
tempering these steels to obtain better creep strengths. There 
is a need to determine the optimum carbon content in these steels 
which will give the best high-temperature properties, since it 
appears that variations in carbon content materially affect the 
creep properties of these steels, 

It seems that the good creep properties of WC4 and WC5 are 
due more to the high molybdenum content than from the nickel 
It would be interesting to determine whether or not 
It is known 


content. 
nitrogen has the same effect as nickel in these steels. 
that nitrogen can be substituted directly for nickel in the 18-8 
stainless steels, 

The use of the Charpy impact test as one of the evaluation 
tests is questionable, because in these steels with the usual slow 
temperature, the 
may occur even in the presence of molyb- 


cooling from normalizing phenomenon of 


“temper brittleness”’ 
denum. After all, the steel is to be used at elevated temperatures, 
and tests at room temperature do not reflect what may occur at 
elevated temperatures. 

The droop in log-log creep curves of WC6 may be eliminated by 
suitable tempering treatments. A similiar effect was observed 
by Glen. 


DD. L. Newnouse.6 The authors have presented an extensive 
set of creep and rupture test data for commercial grades of fer- 
ritic cast steels. Such test information is important to the proper 
application of high-temperature materials. 

The conclude that molybdenum has the greatest 
effect in raising creep strength, nickel has no effect, and chromium 
These 


conclusions are in agreement with the data presented, and with 


authors 
may have lowered the creep strength in the case of WC9, 
generally accepted opinion on the effects of these elements. 

The authors state that the higher rupture strength of WC5 as 
compared to WC9 may be due tothe nickel addition. Although 
only one test was run on WC4, it falls within the seatter observed 
for WC6, indicating that for these two 0.5 per cent molybdenum 
steels, nickel confers no increase in rupture strength. Further- 
more, rupture data available to the writer on commerial heats of 
0.2 per cent C, 1 per cent Cr, 1 per cent Mo steel have shown 
consistently higher rupture-strength values than those reported 
for WC5. 

Fig. 13 of this discussion shows the authors’ data, together 
with the writer’s plot of test data for a typical heat of 0.2 per 
cent C, | per cent Cr, 1 per cent Mo cast steel, plotted by means 


4 Job Engineer, Bechtel Corporation, San Francisco, Calif. 

*“The Creep Properties of Molybdenum, Chromium-Molybdenum, 
and Molybdenum-Vanadium Steels,”’ by J. Glen, Journal of the Iron 
and Steel Institute, vol. 158, 1948, pp. 37-80. 

* Large Steam Turbine Engineering Department, General Electric 
Company, Schenectady, N.Y 
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FOR 100,000 HOUR RUPTURE LIFE 


1009 


900 


600 


C, 


340 365 


T (20 # LOG +) x 
Reuprure Strenctu Versus Paramerer 7 (20 + Low t) 
’ ror WC 5, WC9, anv 0.2 Per Cent C, 1 Per Cent Cr, 1 Per 
Cent Mo Casting ALLoys 
T, temperature in deg R; ¢, time in hours 

of the Larsen-Miller parameter, 7 (20 4+ log ¢).7 The strengths 
predicted by this method for 100,000 hr at 1050 F and 1100 F fall 
in the order reported by the authors. The higher strength of the 
1 Cr-1 Mo steel may be due to the high normalizing temperature 
(1050 C) or to the silicon-deoxidation practice used. It is : 
sumed that the steels described in the paper were aluminum- 
killed. 

The foregoing considerations are suggestive that, as the authors 


is- 


pointed out in the case of creep strength, the lower rupture 
strength of WC9 may be due to higher chromium, and not to the 
absence of nickel. 


H. A. WaGner.’ 
results have been reported for the high-temperature properties 


As the authors point out, widely different 
for several of the alloys covered in the paper. For many materials 
in use today at elevated temperatures, far too few data are 
available to assess properly the high-temperature characteristics, 
with assurance stress values which will guarantee 
400,000-hr life. The authors 
are to be commended for making available their test results on 


and to set 


satisfactory service for service 
these materials, 

The writer wonders whether some of the variation in reported 
properties may not result from the faet that all of these allovs may 
not be made with equal tacility by all manufacturers. In other 
words, possibly the optimum technique is not employed by every 
manufacturer for exch of the alloys covered by this paper. Ti 
one manufacturer, by reason of a better heat-treatment or 
superior casting, or foundry technique consistently can produce a 
product with superior high-temperature properties, it would not 
seem reasonable to assign to that alloy the lowest stress pos- 


sible corresponding to the poorest techniques. 


and Creep 


ASME, July, 


“A Time-Temperature Relationship for Rupture 
Stresses,” by F. R. Larson and James Miller, Trans 
1952, vol. 74, p. 765. 

* Assistant Chief Engineer, Engineering Department, The Detroit 
Edison Company, Detroit, Mich. Mem. ASME. 
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“molybdenum evidently is the most 
The higher the molyb- 


The authors state that 
important ‘alloy’ element affeeting creep. 
denum content, the higher the creep strength within the range 
tested.”’ The creep strength of the WC4 and WC6 grades at 
about '/, per cent moly are said to be essentially the same, like- 
wise for the 1 per cent moly grades WC5 and WC, The writer 
would be interested to know what is the specific effect of nickel 
on the properties of the WC4 and WC%S alloys as it apparently 
does not seem to influence the high-temperature strength sig- 
nificantly, Other characteristics for materials are, of course, 
important such as resistance to corrosion, stability after long- 
time exposure to high temperature, adequate ductility, and so on, 

In examining the figures, the writer is again impressed with 
the dearth of data on which conclusions must be drawn. In 
Fig. 3, for instance, only one test has been carried beyond 1000 
hr. It would seem that 200- to 300-hr tests are much too short 
to extrapolate to 300,000 hr, or even 100,000 hr, with any guar- 
intee of assurance that the results are at all accurate, 

From Fig. 2 of the paper it would seem that WC5 should be 
quite satisfactory at 1100 PF. Do the authors recommend WCS 
for 1100 F sery ice? 

In Fig. 4 it is interesting to speculate as to the effect of a 
slight shift in test results. [If the 1750-hr point at 1100 F were 
to be raised 500 psi to 12,500 12,000) psi, one 
could argue readily that the 100,000-hr rupture value should be 
7000 psi rather than 5900) psi. It further 
data must be obtained to establish more firmly just where such 


instead of 
would seem that 


lines should be drawn. 

Lest 
enough work, the writer hastens to affirm that we are grateful 
for the additional data the authors have provided to supplement 


this be construed as a criticism for not having done 


the all-too-meager information presently available, 
AvrHors’ CLOSURE 


The authors are appreciative of the excellent discussions of 
Messrs. Hum, Newhouse, and Wagner. It is interesting to note 
that each discusser affirms the need for truly comparative and 
additional data on high-temperature cast commercial steels and 
agrees with the main conclusions of the paper. 

A desirable approach to a complete investigation is to segregate 
and determine the effect of cach variable individually and in de- 
tail. ach 
alloy composition and heat-treatment is limited by specifications 


In commercial practice there are certain limitations, 


and manufacturing processes. The type of melting, the necessary 
deoxidation for proper pouring and sound steel, the composition 
preseribed by the specification, the cooling rate of castings in the 
normalizing process, the specification requirement for a tempering 
temperature of not less than 100 deg F above the service tempera- 
ture and the amount of residual aluminum—all are limitations on 
commercial alloys. Recognizing that selection of materials is a 
compromise of many factors, the comparisons of various grades 
made under the same practice are both valid and of real engineer- 
These comparisons also indicate the actual 
May, then, the authors 


ing significance, 
strength of material in finished castings. 
state again that the paper presents a direct comparison of four 
cast alloy steels made and treated according to carefully con- 
trolled, aceepted commercial practices? Such data is necessary 
for sound relative stress ratings of such materials, as well as for 
engineering selection, 

Mr. Hum refers to the extensive article by Glen® This article 
presents data on the effect of different variables, such as type of 
melting, composition, heat-treatment and so on, for wrought ma- 
terials, As stressed in the paper, a cast product often has dif- 
ferent properties than a wrought product of somewhat similar 
alloy composition. Glen emphasizes this point by saving, “Com- 


paratively minor differences in composition, degree of deoxida- 
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tion, or heat-treatment acquire an importance not hitherto fully 
appreciated,”’ Many tests have been run by the authors’ com- 
pany and other manufacturers to determine the proper heat-treat- 
ment for the four grades 

It, was noted in the paper that in the case of three heats of WC6 
creep-rupture results, Fig. 3, the longest time test point in each 
case was below the drawn 100,000-hr extrapolated curve. This 
possibility of a ‘droop in log-log creep curves of WC6" was re- 
ferred to by Messrs. Hum and Wagner. Long-time tests have 
been completed on heats 20295 and 30011, grade WC6, Table 
9. These tests indicate that there is no tendency to depart from 
the original curve drawn, within the times to failure at the load- 


ings chosen. 


TABLE @ RESULTS OF TESTS ON HEATS 292905 AND 30011 
Time to 
Stress Femp, fracture 
pet deg hr 
11000 1050 3036 
1050 


Heat- 
treatment 
1750AQ 1250D 
I750AQ 1250D 


Klong RA 
per cent per cent 
20.8 29 9 
15 6 25.8 


Mr. Newhouse mentions a comparison of creep-rupture strengths 
of WC4 and WC6 using the result of one WC4 test. As might be 
expected, a comparison using one test can be misleading. Results 
of recently completed creep-rupture tests on three heats of WC4 
at 1050 F show on the average the strength of WC4 to be higher 
than that of WC6. Actually, the ranges of the two materials 
overlap slightly. The lowest ereep-rupture strength of WC4 was 
approximately equal to the highest creep-rupture strength of 
WC6 

The information presented by Mr. Newhouse for a 0.2 per cent 
C, | per cent Cr, | per cent Mo steel is interesting. For long- 
time service applications, creep strength and its relation to creep 
rupture are important considerations, Since no mention is made 
of the creep strength, it is assumed that the creep strength is 
higher than comparable alloys and less than the ereep-rupture 
strength at the indicated temperatures. If this steel had a small 
amount of vanadium, that could account for the higher strength. 
If the steel did contain any, perhaps inadvertent vanadium, then 
this composition might be subject to embrittlement as shown by 
several investigators. None of the grades tested for the authors’ 
paper contained any vanadium. 
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The lower final hardnesses of WC4 and WC5, as compared to 
WC6 and WC9 upon welding, appear to be due at least in part to 
the presence of nickel. It is also possible that, as mentioned be- 
fore, the higher rupture strengths of WC4 and WC5 were due in 
part to the addition of nickel. It has been noticed in the examina- 
tion of the microstructures of WC4 and WC5 at high magnifica- 
tions that there is a tendency for these alloys to have a finer, more 
even dispersion of carbides within the semipearlitic grains, even 
though WC4, WC5, and WC6 have the same basic type of struc- 
ture. None of the alloys had «a marked tendency to spheroidize. 
Armstrong and Greene's paper* showed WC4 had no tendency to 
spheroidize in 50,000 hr of commercial service at 900 F. 

Referring to Mr. Wagner’s question concerning the effect of 
nickel and the need of long-time tests on WC6, these points have 
been covered in part in the preceding discussion. Whether or not 
to recommend WC5 at 1100 F with swings to 1150 F should be de- 
termined by the effect on welded ends and high-temperature tests 
of the material well above 1100 F. WC5 has proved itself in 
commercial installation at 1050 F withswingsto 1100 F, The re- 
sults of the paper show that WC5 has a creep and creep-rupture 
strength at 1100 F higher than WC4 and WC6 at 1050 F. 

A number of tests have been completed since the paper was 
submitted (among those tests are the WC4 results mentioned in 
the discussion) and more are planned. As tests are completed, 
the results will be made available. 

A problem is to make available and/or recommend those com- 
positions best. adapted to consumer service requirements, Since 
the casting-production costs of the grades considered are not 
greatly different, economics is not necessarily a major factor in 
choice, Other than load-carrying capacity (creep and creep 
rupture), factors such as structural stability, good weldability, 
and so on, are involved, Certain data of the paper are useful in 
the evaluation of these features, plus the work here and else- 
where which indicates that all these grades are of high resistance 
to graphitization, Nickel (in these specific compositions) ap- 
parently provides some advantages in creep rupture and in hard- 
ness levels attained in welding procedures. In the presence of 
chromium, no adverse effects in respect to graphitization or 


otherwise have been found. The authors make no attempt to 


ascertain why. 
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